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FOREWORD

This rutlication describes the principal characteristics of the
30-centimeter ion propulsion thrust subsystem and will serve as
an aid to solar electric propulsion vehicle designers and users
of electric propulsion.

The thrust subsystem defined by this publication was used to
focus the thrust subsystem technology program performed for the
NASA Office of Aeronautics and Space Technology by the 'NASA Lewis
Research Center.

The document contains functional requirements and descriptionms,
interface and performance requirements, and physical character-
istics of the hardware at both the subsystem and ccmponent level.

The contributing authors to this document are:

Robert R. Lovell Louis Gedeon Jon C. Oglebay
William H. Hawersaat Suzanne T. Gooder Karl F. Reader
James E. Cake Joseph A. Hemminger David D. Renz

James F. DePauw Louis R. Ignaczak Ronald R. Robson
Edward J. Domino Edward F. Kramer Neil D. Rowe

George R. Smolak Richard J. Kraweczyk Frances J. Shaker
Clifford H. Arth Erich W. Kroeger G. Richard Sharp
Robert T. Bechtel Walter C. Lathem Clifford E. Siegert
David H. Culp Joseph E. Maloy Ralph J. Zavesky

Robert J. Frye
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Introduction

The 30 cm mercury ion thrust subsystem techuology has
been developed to provide the low thrust, high speci-
fic impulse propulsion capability to satisfy the needs
of furure planetary and Earth orbital missions. This
publication provides a comprehensive description of
the thrusc subsystem design, nardware, and software
that has been developed. The technology program has
been sponsored by the NASA Office of Aeronautics and
Space Technology and has been conducted at the NASA
Lewis Research Center. This document is intended to
provide solar electric propulsion (SEP) vehicle de-
signers and users of electric propulsion a complete

description of the technology program efforts.

Section 2.0 of the manual provides a perspective of
the solar electiric propulsion technology and deiines
the thrust subsystem configuration that has been
used to define configuration dependent requiremerits
for the technology elements. These elements incaiude
thrusters, power processors, propellant storage‘and
distribution, thruster gimbal system, and thermﬁl
control subsystem. Section 2.0 also presents the
SEP vehicle design criteria which are applicable to

thz specific thrust subsystem design.
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The organization of the design manual is consistent N
with the phvsical architecture of the thrust subsys-
tem. As discussed in Section 2.0, the thrust subsvys-
ten comprises BIMOD engine systems and an interface
module. The design manual sections have been arranged
in a three level tier. Section 3.0, Thrust Subsystem,
presents the requirements at the thrust subsystem
level. At the subassembly level, the requirements for
the BIMTD engine system are stated in Section 4.0 and
the requirements for the interface module are stated
in Section 10.0. At the component level, Sections

5.0 through 9.0 describe the requirements of the BIMOD
elements. Sections 11.0 through 14.0 describe the re-

quirerents oi the interface rodule elerments.

Each section from 3.0 through 14.0 describes the subject
functional requirements, functional description, inter-
face requirexents, performance requirements, physical

characteristics,developmenthistory,andgroundsupport
equipment. The desigr manual thus provides a hierarchy
of functional, interface, and performance requirements

from the thrusz subswstem level to the component level.

For convenicnce in usiny this manual, a table of con-
rents and lists of tables and figures are included
at the bezinniny of each section fro~— 2.0 through

14.0.
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A wealth of documentation has besen produced during
the course of the technulogy program. These inciude
formal NASA publications, contractor final reports,
contractor briefing packages, design drawings, soft-
ware flow charts and programs, and internal memo-
randa. For the design manual these documents have
beer. placed i two categories. Those documents
which are ceferenced in the text and available for
distribution are listed in the subsection Reference
Documents of each section. Those documents, such as
internal memoranda, drawing packages, and contractor
briefing packages are listed in the subsection Appli-

cable Documents Enclosed of each section.

There are four supplemen*s to this design manual
which are associated with the applicable documents.

The Index Supplerment of Applicable Documents contains

a listing of all applicable document titles referenced
in the design manual and instructions for retrieval of
the documents from the other three supplements. The

Microfiche Reference Supplement contains those appli-

cable documents suitable for reproduction on micro-

fiche cards. The Microfilm Drawing Supplement con-

tains card framed microfilm design drawings. The Pho-

togreph Supplement contains photcgraph collections.

1-3
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Solar Electric Propulsion System Technology

Perspective and Design Criteria

Dverview

The informaticen contained in thkis design manual is
inrended to facilicate the traasfer of electric propulsion
~echnology from the Lewis Research Center to NASA mission
centers, industrv and potential user agencies. Industrial
briefings, workshops and on-site trainine progcrams may

Se required %o ccmrlete the technoloev transfer as NASA
moves from the research and developrment phase to the
a~olication of eleczric oropvulsicon technoleogv. NASA CAST
and the LeRC are rlanning to nrovide the additional

rnecessarv suppor<c as recuired to insure the transfer process.

It is crucial thart indus-ry. who are to be che manufacturers
of the svstems emploving this technologv., be piven access

o all of the details of the technelogv. 1t is also
important that the responsible NAYA mission centers and the
user acencies be niven enough of an understandine of the
rechnoloev so that thev can effectivelv manage it and

integrate it into rreir svstems.

The information conzaired in this desivn manual is directed
toward industry. The manual conrains a collection of the
latest available Jdocuments rertainine to primarv electric

propulsion within NASA.  The docurents include heretofore

o
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unpublished design notes, analvsis, computer codes, draw-

ings . parts lists, manufacturing and process specifications,

photographs, assemblv and test procedures. operational
software, facilitv requirements, test plans, test data,
and general design information that will enable industry
to build this technology into an operational svs:tem with

known and acceptable risk.

The information contained in this manual was collected
and prepared by members of the staff at the LeRC who have
been involved in electric¢ propulsion as a team for

20 vears.

Tt is difficulct to document the technologyv that exists in
this team as a result of their corhined experiences. The
next section on perspective is intended to pgive the reader
a chrcnological overview of the electric propulsion
activity in NASA that lead to the currentlv focused tech-
nology program that is described in this design manual.

The next section is also intended to give the reader an

appreciation for the experience inherent in the Lewis team.

In subsequent sections that give requirements, design
criteria, and specific designs, there are often no refer-
ences available. Over the past ten vears, a close working
relationship has developed between members of the staff of

JPL and LeRC. As a result, manv of the recuirements and
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design choices had the benefit of inputs from the user- )
sriented JPL team and the technology-oriented LeRC teanm.
When the detail design choices were made on the hardware
produced in this program, the previous flight experience
gained by the LeRC staff were applied. And again many
informal discussions were held between members of the
staff of JPL and LeRC. Some of these design trade offs
may not be well documented in the open literature. The
reader is urged to consider the current design carefully
before concluding that a design choice might have been
non-consequential, arbicrary, or capricious.

Perspective

Earlv Research and Facility Development

In 1959, the first electron-bombardment thruster was con-
ceived and tested bv members of the staff of the LeRC
(reference 2.6.1). In the early 1960's, several facilities
were brought on line and the Electric Prooulsion Laboratory
(EPL) was dedicated to support research and development of
electric propulsion (reference 2.6.2).

SERT 1

In July 1964, SERT I was launched into a 50 minute ballis-
tic trajectory nut of Vallops Island. This spacecraft
successfully demonstrated the abilitv of a mercury electron-
bormbardment thruster to croduce thrust and to neutralize

the exhaust beam in the spac .nvironment (reference 2.6.3
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and 2.6.4). SERT I provided those involved with a great '
respect for the problems of hardling high voltage at high \
power in the space and vacuum fecility environment and

the testing of spacecraft utilizing electric propulsion.

SERT 11

In February 1970, SERT Il was launched into a circular

polar orbit. This spacecraft remaines operational as of

this writing. This spacecraft which was developed, tescted,

and flown by members of the Lewis staff demonstrated

thruster life and provided informstion on thruster/space-

craft sysiems interactions. 1In terms of technology, the

SERT II flight provided those involved with an understanding

of the systems problems associated with integrating electric

propulsion into spacecraft and qualifying it for a space

flight (reference 2.6.5). Apain, a great respect was

gained for producing and handling high voltage at high power

levels in the vacuum/plasma environment and the unique

testing requirements of electric propulsion.

The Technology Refinement Phase

After the SERT 11 flight, research and development activ-
ities at LeRC proceeded to refine the basic concepts of
thrusters and began to concentrate on the required support-
ing technologies required to firmly establish the tech-
nology at the systemilevel. While this basic refinement

continues tcdav, there was a prowing awareness of the need

2-6
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to gain user accsptance and technology adoption in che
early 70's. As a result, the electric propulsion program
was divided into two major parts based on the anticipated
use of the technology.

Auxiliary Propulsion

There was a perceived need for precision station keeping
and attitude control of communication and navigation
satellites operating at synchronous orbit. A number of
studies had been performed showing the advantages of
electric propulsion to perform these functions (reference
2.6.6). The 8cm electron bombardment thruster and its
associated propulsion system elements were developed
specifically to perform the auxiliary propulsion function.
The basic research porzion of this program concentrated on
thruster life and restart capabilitv to enable 10 vear

station keeping missions.

User adoption of the 8cm propulsion svstem has remained
elusive. As a final attempt to transfer the 8cm technology,
NASA is sponsoring the flight test of a complete auxiliary
propulsion svstem on an Air Force (STP P80-1) flight in
early 1981 (reference 2.6.7). A fundamental objective
associated with this flight is to have an industrial source
for this technology at the conclusion of the flight test.

The technology associated with this flipght test is not
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2.2.4.2

describec in detail in this design manual, because it is
covered adequately in the published literature. Although N
the technology required to develop an operational auxiliary
propulsion system is less demanding (low power, low effic-

iency) for both the thruster and power processors, there

are a large number of common elements with the primary

propulsion and the reader is urged to study the 8cm liter-

ature carefully.

There is a great deal of commonality between many of the
ancillary supporting systems for both the primary and
auxiliarv propulsion programs.

Primary Propulsion

The 30cm electron bombardment thrusters and its associated
propulsion system elements described in this design manual
were developed specifically to support the anticipated
requirements of both planetary science and Earth orbital

transportation users.

After SERT II, mission planners at JPL began to seriously
consider SEP as a candidate propulsion system to perform
some of their science missions. Design teams led by
Gerpheide and Duxbury of JPL performed the first vehicle
level design studies and penerated specific propulsion
system requirements. At this same time, mission planners

at MSFC were considering 3EP as a candidate for Earth

2-8
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orbital missions. They, tuo, genarated technology
requirements. The basic technology program at Lewis
attempted co satisfy these reguirements as the mission

planners moved from missiorn to mission.

In }973. OAST established a SEP Advanced System Technology

(AST) group to coordinate the requirements for primary g
electric propulsion and focus the technology program. -
Members of the staff from LeRC, MSFC, and JPL established

the common system level design requirements that were to

becume the basis for the technology program described in

this design manual. Before the AST program produced a
formalized output, NASA made a decision to reduce the

effort in electric propulsion. 1In 1974, almost all thrust
subsystem work was stopped at JPL and MSFC and the basic

thrust subsystem technology effort was concentrated at cvhe LeRC.

Focused Technology Program

Until 1974, the primaryv propulsion technology program at
LeRC had concentrated on components. Like the auxiliary
propilsion program, the principal emphasis was on the
thruster. The thruster technology was aimed at increasing
the life and efficiency. The power processing technology
was concentrating on reducing weight and increasing effic-

iency.

2-9
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Without a clear mission in sight and with total program
resources reduced, OAST and LeRC agreed that thev would
structure a focused technology program aimed at being
technology ready for the user Centers in 1979. This
program was to look at all of the elements in a thrust
subsystem as defined in 3.0. The supporting c:mponents
were to be developed around the so-called baseline 30cm
thruster. Decisions were to be made as to a specific

power processcr tvpe and thermal control approach, and

the elements were to be inteerated into the smallest
optimum building block above the thruster level. The B3IMOD
engine system described in 4.0 resulted. As the technology
ready program matu.ed, the technologv ready date was moved

to the end of FY 1980.

The decision to focus the technolopv ready program around
the BIMOD engine svstem was not apparent at the inception
of the program. The attributes of such an approach became
apparent as the desipgn alternatives and programmatic
advantages were explored. The next sections discuss the
vehicle level requirements and system features of the
concept.

Vehicle Level Design Criteria

Why are the thrusters here? \lhv are the power processors

there? Why are the radiators so long? What goes in this

2-10
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big empty spa:e? These Are questions that are asked by \
almost everyone when they first see the engine system

described in section 3.0). The answers to these questions

lie in an understandin: of the top level vehicle design

requirements described below.

The dominant feature of a SEP vehicle is the solar array.
Based on racking densitv of 100 vatts per m2 and an aspect
ratio of five to one, then a single wing of a two wing
25Kw array has the dirensions of 5 meters by &5 meters.
The vehicle center bodv on the other hand is typically
less than 2 meters in width. Figure 2.3-1 shows the
basic vehicle configurarion assumed for these studies.
When compared with the Mariner Encke Spacecraft proposed
by Duxbury in figure 2.3-2, it can be seen that the
basic configuration has remained essentially unchanged
after innumerable studies of alternate concepts (reference
2.6.8). If we examine these designs, the top level con-
figuration reouirements become apparent.

Solar Array/Vehicle Articulation

Requirement: A rorating joint shall be provided through
the vehicle center body to provide solar array articulation

about the longitudinal axis of each solar array wing.

It can be shown that a single degree of freedom between

2-11
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2.3.2

the solar array and vehicle center body is necessary and

sufficient to allow the sclar arrav face to be sun track- \
ing and to allow the thrust vector to point in any

direction in inertial space. By rolling the total vehicle

and articulating the solar array shaft with respect to the

center body, all of the required thrust beam cone and

ciock angles can be achieved to perform both planetary

and Earth orbital missions.

Structure

Requirement: The structural loads associated with the
chemical boost phase of the launch seauence shall be
carried in a launch tower or exoskeletal gtructure
capable of being separated from the SEP vehicle during
SEP thrusting phases of the mission.

Requirement: The SEP vehicle shall have its mass con-

centrated near the launch tower pick up points.

The typical launch sequence for SEf shown in figure
2.3.2-1 1s: Shuttle launch to low Earth orbit, IUS burn
to Earth escape, and SEP separation, deployment and liow
thrust burn for several years. The launch loads from the
Shuttle and IUS are large zompared with the micro-g's
resulting from the SEP thrusters. The SEP structure need
only be stronp enough to support launch loads that must

be carried through it during the chemical boost phase of

2-12
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the misaion. A launch tower or exoskalaetal approach to
the structural design gives a 10:1 weight advantage over
an approach that carries launch loads through that portion
of the structure and remains for the low thrust phase.

A further weight savings is enjoyed in the SEP structure
if the mass is concentrated near the adaptor tower/vehicle
structure pick up points.

dinter of Pressure/Center of Mass Ccntrol

Requirement: The center of pressure (CP) and center of mass
(CM) shall be maintained coincident throughout the flight.

For SEP‘veh{cles, the center of pressure resulting from

the solar flux is essentially determined by the solar

array. The relatively dense center body determines the

center of mass. The center of pressure ard cencer of mass
must be coincident in order to avoid steady state distur-
bance torques. Steady state disturbance torques can be
handled in the short run with momentum wheels. But for

the typical 25Kw SEP vehicle, the NASA standard momentum
wheel will ssturate in less than one day for only a few
centimeters of CP/CM offset about the pitch axis Planetary
missions require periods of ''quiet' coast which preclude
operating the ion thrusters or any other mass expulsion device
that would be required to unload the momentum wheels and main-

tain attitude control.

2-13
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A number of potential solutions to this problem exist.

The initial design can be controlled but this makes the
design peculiar to a given payload. 1t also requires that
the mercury propellant be stored and expended in such a
fashion that no center of mass travel is experienced. The
center of mass can be controlled actively by placing part
of the payload on an Astromast type extension mechanism
and moving it in and out to trim the center of mass
position. The center of pressure can be controlled by
developing reflector vanes either from the center body or
from the solar arrays. A method proposed by Jim Stevens
from JPL is perhaps the best method. Stevens' me hod is
based on a variable swept wing concept that is implemented
with simple flexures and a single jack screw located at
the junction of the two solar array wing shafts inside

the center body. Stevens' method of wing sweep allows for
large variations in the initial CM position and for large

CM travel due to asymmetrical consumption of expendables
during the mission.

Heavy Component Locations

Requirement: The heavy components and especially the
mercury propellant tanks shall be located as near to the

location of the solar array shaft axis as possible.

This is a derived requirement from 2.3.2 and 2.3.3.

2-14
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2.3.5

Thruster Locations

Requirement: The thrusters shall be located as far aft

of the solar array shaft axis as possible.

There are three reasons for this requirement. The first
reason is to minimize thruster gimbal requirements, the
second reason is to insure clearance between the root
section of the solar array and the thruster exhaust beam,
and the third reason is to maximize the distance between

the thrusters and the payload.

The typical outbound mission for SEPS will end up with

only a sufficient amount of electrical power to operate

one or two thrusters. Since, in general, the thrusters

are not pointed through the center of mass when they are
all operating or operating in pairs, they must be gimbaled
through the center of mass if they are to be operated as
singles. 'hen one considers the practical geometry of a
vehicle with as many as 10 thrusters, the gimbal angles can
become quite large. Moving the thruster aft reduces the

required gimbal anzle.

The thruster plume is generally considered to be bound
by a half cone angle of 55°. When one adds the required
gimbal angles mentioned above plus a rmall amount for
attitude control, it becomes apparent that the thruster

exhaust plane should be kept aft of the end of the root

2-15
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section of the solar arrav. This amounts te 2.5 meters

aft of the solar arrav axis for the 25Kw class vehicle.

The thrusters have inherent characteristics (e.g. EMC,
magnetic moments, plume and efflux emissions) that are
rotentially a source of concern to science pavloads. It
can be stated that wirh the thrusters mounted as far aft
as possible and with the science mounted as far forward as
possihle, the interactions will be minimized.

Thermal Radiator Location

Reguirerent: A sufficient amount of radiator area shall
be provided normal to the sur direction to dissipate the

waste heat from the SEP power processors.

Since the solar arravs are sun pointine and the arravs are
connected to the vehicle cenrer bodv by a sinpgle depree

of treedom joint, then there are twe sides of the vehicle

center body that car act as radiator.  Thev are the sides

faciny the root sections of the solar arrav wings.

The question ot whether the radiator sheuld be single sided
or double sided derends on how one interprets the require-
ment.  Tf, in Yact. the solar arravs are ecaintained precise-
Iv normal :o the sun hrourhour the migsion. then a double
sided radiator would have a mass advantaye over a sinyle
sided radiartoer s proposed in this Jdesien manual . however

tf the vehicle pointine ix not held nreciselv ecither for

J-le
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convenience or for improved performance, then the single
sided radiator proposed in section 3.0 has distinct
functional advantages. For some engine out situations,
a "slipped" or '"'crabbed" flight attitude provides a more
optimum thrust vector. For a reacquisition maneuver,
when the spacecraft is generally disoricnted, at least
one radiator side would be ncn-sun facing. This would
allow thruster start up and SEP thrust vectoring for the
reacquisition maneuver.

Thermal Radiator Area

Requirement: A sufficienr amount of vadiator area shall
be provided to dissipate the waste heat from the powver
processors when the vehicle is operating over the required
AU range. This is obviouslv a mission dependent require-

ment.

The radiator area is fixed bv the amount of wuste heat and
the desired temperature of the electronic components in the
power electronics. The temperature of the electronics is
determined bv the recuired system reliability, parts tvpe
and thermal control characteristics and conduction path
characteristics in the electronic packaging. The actual
dimensions or aspect ratio of the radiator area is not
entirelv an independent v;riable when one considers all of
the constraints mentioned above. The width of the radiator

can be at least as wide as the minimum center to center

2-17
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distance between thrusters. This distance, in turn, is
governed by the thruster/gimbal clearance requirement.
Once the area and width are determined, the length is
then determined. For the hardware considered in this
design manual, the aspect ratio was about optimum for

a b6 thruster SFP vehicle.

Svstem Features

The top level design requirements discussed in cthe previous
section are independent of the approach selected to develop
a SEP vehicle. The requirements must be accommodated in
either a hirhly integrated approach or in a toiaily modula;
approach.

When the technolcev ready program was being formulated,

a number of svstem features were established as goals for
the vehicle dééign point around which the technology pro-
gram was to be focused. These goals, which are listed
below, were hased on the cultural heritage and experience
of the Lewis team and on their perceptions of user needs.
Fipure 2.4-1 shows how the SEP vehicle was physically
divided into major subsystems of spacecraft (or mission/
science module or mission/payload module) thrust subsystem,
and solar array. This and lower level architectural

design choices were made to satisfv the following goals.

Simple Interfaces

The goal for the thrust subsystem defined above was to have

2-18
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2.4.2

2.4.3

simple interfaces. The interfaces weie to he compareble
to a convertionel propulsion system. Specifically, the
thrust subsystem should be structurally and thermally
autonomous, have a simple mechanical (bolt pattern)
interface and respond electrically to simple start/stop/
gimbal commands. Ali complex interfaces were to be inter-
nalized within their major subsystems.

Separate Technologies

The goal for the thrust subsystem was to separate and
internalize all of those technologies peculiar to electric
propulsion. This was also the goal for the other two major
subsystems. By separating the technologies, the major
subsystems could be deveioped ;t their own technological
pace and could benefit from separate agencies and industries

that had specialized expertise.

A feacrure of this definition of subsvstems is that the
thrust subsystem can be powered by alternate power
sources as they become available.

Mission Flexibility

Figure 2.4.3-1 shows that the thrust subsvstem itself is
modular. The BIMOD engine system is the fundamental
building block of the thrust subsystem in the focused
technology program. Although the BIMOD does not have
interfaces that are as simple as the thrust subsystem, it

does contain most of the high technology azsociated with

2-19



b

2.4.4

2.5

electric propulsion. The use of the BIMOD allows for a
wide selection of propulsion options. Figure 2.4.3-2
show the range of options available to satisfy various
mission requirements. Still other options using a

single BIMOD are obvious.

Technolopical Flexibility

Figure 2.4.4-1 shows how the modular concept was carried
down to the power processor level. The experience of the
Lewis team in trying to accommodate technological change
into a complex component such as the power processor
drove the paclage design into modules that could be
functionally isolated. This also allowed other flexibil-
ities in the manufacturabilitv, testability, and manage-
ability to be enjoved on the "man sized” modules. Several
examples of the benefits of this approach have been
realized in the course of building hardware in the tech-
nology ready program.

SEP Focused Technologv Program Progress

The degree to which these design poals have been achieved
in the selected design approach is subjective. But the
early agreement to proceed on the BIMOD engins system as
the basic building block for SEP focused technology pro-
granm has allowed us to make significant progress toward
technology readiness. Real problems have been identified
and solved. Technologv gaps have been identified and

changes have been made to strengthen the program. The
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program outputs should be invaluable to those responsi-
ble for flight hardware development.

Reference Documents
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Spacecraft

Figure 2.3-2 Mariner Encke
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Figure 2.4.3-1 Modularity of Thrust Subsystem
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Figure 2.4.4-1 Power Processor Modularity
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3.1.10

3.1.11

3.1.12

3.2

Cake, J. E.; Sharp, G. R.; Oglebay, J.C.; Shaker, F.J.;
and Zavesky, R. J.: Modular Thrust Subsystem Approaches
to Solar Electric Propulsion Module Design. AIAA Paper
76-1002, November 1976.

Sharp, G. R.; Cake, James E.; Oglebay, Jon C.; and Shaker,
Francis J.: Mass Study for Modular Approaches to a Solar
Electric Propulsion Module. NASA T™™ X-3473, 1977.
Poeschel, R.L.; and Hawthorne, E.I.; et al: Extended
Performance Solar Electric Propulsion Thrust System
Study. (Hughes Aircraft Co.) NASA CR-135281, 1977.
Functional Requirements

1) Thethrustuubaystcnahallprovidethethrustrequired
for prime propulsion and attitude control of the vehicle
consistent with the solar array power available, the
mission specific impulse requirement, and the mission
environment.

2) The thrust subsystem shall accept as its input pover

the unregulated solar array voltage and current and con-
vert this power to provide the twelve regulated power
outputs to satisfy ion thruster requirements.

3) The thrust subsystem shall respond to external control
required for normal and off normal thruster and power
processor operations. These functions shall include
executing start sequences, executing throttle sequences,
correcting for anomalies, and processing power processor
interrupt signals.

4) The thrust subsystem shall have the capability to store
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the mercury propellant load sufficient for the mission,
to supply the propellant to and array of multiple
thrusters over the required pressure range, and to
isolate the propellant from the thrusters during the
launch environment.

5) The thrust subsystem shall in response to executive
level control, provide external disturbance torques

to unload the reaction wheels of the attitude and
articulation control subsystem.

6) The thrust subsystem shall provide the structural
support for its components and subassemblies and shall

be capable of sustaining Shuttle/IUS induced loads.

V'  The thrust subsystem shall maintain its components and
_utagssemblies within operational and non-operational

texperature limits.

Functional Description

Clectrical

The functional block diagram of the thrust subsystem
electrical system is shown in figure 3.3.1-1. Unregu-
lated solar array power and regulatecd mission module
power are input to the power distribution unit for dis-
tribution to the eight power processors and other thrust
subsystem equipment. Each power processor converts the
unregulated power qutputs to satisfy the load require
ments of the 30-cm ion thrusters. Mercury is vaporizea
by heaters in the thruster and ionized in the discharge

chamber via mercury electron bombardment. The mercury

3-5

Y candl i R



1

-

e P a8

~

ions drift toward the screen and accelerator grids of
the thruster where they are accelerated by the high \
voltage between these grids and are exhausted at a high

velocity, producing thrust.

Control of the vehicle is arranged in three levels.
Within the mission module, the mission module computer
provides executive level commands to the thrust sub-
system. The propulsion section of the mission module
computer provides start, stop, and throttle level
commands to the thruster controller within the thrust
subsystem. The functions of the thruster controller

are to exscute the stored al;orI;hns to provide the
startup, shutdown, or throttling of the thruster desig-
nated by the mission module computer. The thruster con-
troller provides command synchronization and clock syn-
chronization to the power processor. In additlon to
processing telemetry data from the power processors,

the thruster controllar receives interrupt flags gener-
ated by the power processor and takes corrective actions.
The third level uf control is at the power processor
level. The power processor provides the regulation and
control of its twelve supplies, generates an interrupt

flag for certain out of 1imit conditions, recycles follow-

ing thruster arcs, and provides an emergency shutdown.

To perform the attitude control function, the gimbal

electronics within the thrust subsystem receives power
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signals from the mission module to drive the pair of
actuator motors for each thruster gimbal. Angle resol-
vers on th:2 shaft axes of the gimbals provide direct
position information through the gimbal electronics to

the missjon module computer.

As described in the following sections, the thrust sub-
system is divided into two types of subassemblies. These
subassemblies are the BIMOD engine systems and the inter-
face module. The electrical block diagram at the BIMOD
leve:l is shown in figure 3.3.1-2 and the electrical

block diagram for the interface module in figure 3.3.1-3
Sections 4.0 through 7.0 and 10.0 through 12.0 should

ve consulted for further detail.

Mechanical

The configuration of the thrust subsystem is shown in
figure 3.3.2-1. The thrust subsystem comprises four
BIMOD engine systems and an interface module. Each
BIMOD contains two thru-ters and thruster gimbals and
two power processors which conduct their waste heat to
a common thermal control system (fig. 3.3.2-2). The
BIMODs are artached to the interface module at four
mounting points as described in Section 4.0. Adjacent
BIMODs are attacheg,yia struts near the thruster ends

of the BIMOD truss.

The interface module contains the two mercury propellant

tanks and propellant distribution components, power dis-
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tribution unit, thruster controller, and gimbal electron-
ics.

Thermal

The BIMOD engine systems and the interface module are
thermally autonomous assemblies. Thermal control for

the power processors is provided by the heat pipe/radi-
ator subassemblies of each BIMOD. Insulation blankets
are placed between the thrusters and the BIMOD truss

to maintain the proper thruster thermal environment and
shield the back of the BIMOD radiators from solar illum-
ination (see fig. 3.3.3-1). Insulation blankets are
placed on the ends of the thrust subsystgm. There are
no blankets howaver between adjacent BIMODs. Soctiqn

9.0 should be consulted for further detail on the .hermal
control for the BIMOD.

The interface module exterior is wrapped with insulation.
All thermal blankets on the exterior of the thrust sub-
systems are constructed to provide protection from meteor-
ite and cometary dust. As described in Sections 10.0 and
14.0, the interface module electronics are mounted to
radiators. Supplementary heaters are used to provide

the proper thermal environment for the mercury propell-
ant tanks.

Interface Definition

Electrical

The electrical interfaces between the thrust subsystem

and mission module are identified in figure 3.3.1-3,
3-8
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The thrust subsystem shall maintain isolation of all
interface circuits from structure. The thrust subsystem
electrical interface shall contain all signal functions
at a single interface point, including umbilical func-
tions, if any. The number of interface connectors is
TBD, but each connector shall be keyed or sized to pre-
vent improper mating arrangement.

Solar Array Power

The solar array configuration unit of the mission module
will provide nominal 200 to 400 V dc¢ power to the power
distribucion unit of the interface module. The battery
bus will provide power through eleven separate circuits:
Eight circuits to the PDU for the eight power processors;
one circuit to the PDU to provide heater power, mercury
solenoid valve pulse, and gimbal electronics; and one
circuit to each of the thruster controllers.

Mission Module Computer

The mission module computer will provide commands to
and receive telemetry from the thruster controller and
the thruster gimbal electronics in the interface module.
The intzrface to the mission module computer from the
thruster controller shall be through a first-in, first-
out buffer memory which limits the data transfer rate
to TBD bps and provides noise filtering. The buffer
memory is connected to the mission module computer bus

via a bus adapter unit. The interface from the gimbal

electronics is similar to that for the thruster controller.
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3.5
3.5.1
3.5.1.1

3.5.1.2

3.5.1.3

Machanical

The thrust subsystem shall be mated to the mission

module at the ten mounting points as shown in figure t
3.3.2-1, LeRC Drawing CR 622760, Thrust Subsystem

Interface Control Drawing (also included in applicable

document 3.8.1).

Thermal

The thermal interface between the thrust subsystem and

the mission module shall be the multilayer insulation

blanket placed across the top ofrthe interface module

as shown in figure 3.3.3-1.

Pexrformance Description
Propulsion

Thrust Magnitude
For the solar array power input into the power distri-

bution unit the thrust subsystem shall be capable of
producing the nominal thrust and specific impulse in
table 3.5.1.1-1 for each of the eight thrusters. Sec-
tions 5.0 and 6.0 should be consulted for detailed per-
formance information on the thruster and power processor.
Throttling

Each thruster shall be capable of operating over the
standard operating envelope identified in figure 3.5.1.2-1.
Startup

The thrust subsystem shall be capable of starting the
thruster and providing stable operation at 0.75 amp beam

curirent within a nominal time of 43 minutes from start
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3.5.1.6

of thruster preheat.

Shutdown

1) The thrust subsystem shall be capable of providing
a normal snutdown of the power processor into a standby
mode within TBD minutes.

2) The thrust subsystem shall remove a faulted load
from the unregulated bus in less than 1 second and from
the regulated bus within 0.1 seconds.

Lifetime

Each thruster/power processor combination shall be
capable of providing operation equivalent to 15 000
hours when operated at 2 amp beam current.

Thrust Magnitude Variation

Thrust magnitude errors are TBD.

Thrust Vector Control

The thrust subsystem shall be capable of providing
thruster gimbal travel angles of +35° about the y-axis
and t16° about the x-axis as defined in figure 3.3.2-2.

Physical Characteristics and Constraints

Mass

The estimated mass of the thrust subsystem is 708.7 k3.
This includes four BIMODs at 137.5 kg and the interface
module at 158.7 kg. A mass breakdown of the BIMOD and
interface module is given in tables 3.6.1-1 and 3.6.1-2.
Power

The unregulated and regulated power required of the

mission module by the power distribution unit shall not
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exceed the estimated values given in table 3.6.2-1.

Environmental

The thrust subsystem shall be compatible with the

~r

structural and thermal design criteria identified in
Sections 9.0 and 14.0.

Configuration

The configuration of the thrust subsystem is defined
by LeRC Drawing CF 638168 (see fig. 3.3.2-1 and appli-
cable document 3.8.1).

Development History

Research and Technology

Solar electric propulsion technology programs related
to the 30 cm thrust subsystem have been on going since
the late 1960's. Until the mid-1970's the efforts at
LeRC were primarily related to thrusters and power pro-
cessors. As explained in the development history sect-
ions on the thruster and power processor, the 30 cm
thruster technology was derived from the SERT Il tech-
nology. Parallel contract efforts were conducted for
bridge inverter and series resonant inverter power pro-
cessors until 1975. The series resonant inverter approach
was first sponsored by the JASA Electronics Research
Center {(ERC) and also by JPL for the 20 cm thruster be-
fore LeRC initiated contracts for the 30 cm power pro-
cessor breadboards. Documentation for electric pro-
pulsion related work conducted by LeRC both in-house

and on contract is identified by year in applicable docu-
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In parallel with the component technology at LeRC, JPL
had responsibility for solar electric propulsion system
technology from the late 1960's to 1975. Reference docu-
ment 3.1.1 provides a description of that work. Mission

and application stidies were also conducted by JPL during

this time period (see reference documen:s 3.1.2 and 3.1.3).

Also, Marshall Space Flight Center was conducting feasi-
bility studies for a SEP stage (see reference documents
3.1.4, 3.1.5, and 3.1.6).

Advanced Systems Technology Program

The Advanced Systems Technology (AST) program was con-
ducted in 1973 and 1974 by MSFC, JPL, and LeRC. Drawing
upon the component and systems technology efforts at

the three centers, this activity focused on the definit-
ion and integration of SEPS with a planetary spacecraft.
The concept of a thrust subsystem evolved during this
activity. Most of the SEPS vehicle design drivers dis-
cussed in Section 2.0 were recognized and established
during the AST Program. In addition to these design
criteria, the major outputs of the AST Program were
functional, interface, and performance requirements for
the thruster and power processor. Reference documents
3.1.7 and 3.1.8 should be consulted for some of the AST
results. Trade off studies near the end of the AST
program lead to the decision to package the power pro-

cessor for compatibility with a variable conductance heat
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pipe radiator thermal control subsystem (reference docu-
ment 3.1.9).

Focused Technologv Readiness Program

Upon the completion of the AST program in October, 1974,
a focused technology readiness program was established
by OAST at LeRC. The objective of this program has been
to develop the technology for thrusters, power processors,
thermal control, propellant system, and thrust vector
system. The technology readiness goal is to identify

and provide solutions for critical engineering problems
such that system performance, interface requirementé.

and constraints will be defined to the point where appli-
cation of the technology can be accomplished with known
and acceptable risk. A description of the technology

program is contained in applicable document 3.8.3.

The system and configuration dependent requirements on
the abovce component technology were cpecified as a result
of the thrust subsystem definition and Jesigh process
continuing at LeRC since 1975. A thrust subsystem was
defined which contained the above technology elements
and supporting structure to provide a physical ideatity.
The configuration was governed by the design criteria
discussed in Section 2.0. The interfaces were chosen
such that they could be simply specified, controlled
during the development program, and verified during the
test program. The selected thrust subsystem definition

and interfaces with the solar array and mission space-
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craft internalized all the high technology and function-

ally interactive elements within the thrust subsystemn.

The design process examined varioué approaches to a
thrust subsystem with physical modules containing thrust-
er(s), power processor(s), thermal control, propellant
stor-ge and distribuvtion, and thruster gimbals (reference
documents 3.1.10 and 3.1.11). The objectives were to
create a mocdular thrust subsystem having six, eight,

or ten thrusters. This would yield mission flexibility
and enhance the ability to assemble and test the thrust
subsystem. The selected configuration, called a BIMOD
engine system, is described in Section 4.0. The BIMOD
engine system has been under development at LeRC since
mid-1976 and represents the highest integration level
output from the OAST tz2chnology program. As discussed

in 4.7, the BIMOD design, power processor package design,
and thrust subsystem design were parallel efforts. The
BIMOU provided the physical configuration to focus the
design and development of the power processors, thermal

control system, and thruster gimbal system.

As the BIMOD engine system development has proceeded,
thrust subsystem definition studies have continued to
refine the interfaces between the thrust subsystem and
SEPS and to verify that the thrust subsystem performance

and mass meets the mission requirements.
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3.8.2
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System Studies

The major system studies conducted with JPL and MSFC .
since the AST program have been the '"August Project"
during 1977, and the JPL/LeRC Comet/Ion Drive Develnp- ¢
ment Project during 1978. Although the "August Project"

was for a higher power and specific impulse system, some

of the system design and configuration information was

used to refine the thrust subsystem design. Documentat-

ion for the thrust subsystem part of this activity is

presented in reference document 3.8,.2.

During the JPL/LelC Comet/Ion Drive Development Project,

a mission and system design was established for the Halley
comet flyby/Tempel 2 rendezvous mission using the BIMOD

as a baseline. The results of this study are given in
applicable documents 3.8.4 and 3.8.5.

Applicable Documents Enclosed

Thrust Subsystem Drawing List. JASA Lewis Research
Center, May 1979.

Reports and Papers Pertairing tc Electrostatic Propulsion.
NASA Lewis Research Center staff and contractor reports
from 1958 to 1978.

DePauw, James F.: Prime Propulsion Technology Readiness
Program. NASA Lewis Research Center, Solar Electric
Propulsion Office, July 1978.

Comet/lon Drive Mission and Flight System Design Repo::.
Volume II1-Mission Requirements and Description. Jet

Propulsion Laboratory. September 1978.
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Comet/Ion Drive Mission and Flight System Design Report.
Volume IV-Flight System Requirements and Description.

Jet Propulsion Laboratory. October 1978.
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Figure 3.3.1-2 BIMOD Electrical Block Diagram



8wl v b 1,
[ ] 0 M
22| g3 g g
- O o D -
E X [ 2] - m
>
0
=
(]
N
:ﬂ“ Gail—— NOILVINIWNMLSNI
[/ ]
ANV - = Eig !
¥vios  OCA) 009-00Z 3 ag |
-y
' § T ,_S3ATVA
- A sz > ‘sualvau
] g5y
sna —
AMILIVE oaa 82 & 8 E QA 009-0DZ (8 30 T)
¥0SS20ud
. 4amod
oaa 8¢
8| &
[ o]
(/)]
2 i [ b
T Viva LdOYMALNI ¥
¥ILNAWOD B |
[+
—————————n
ano & g viva (8 30 1)
& S [ TmawRT| ™ ryossadoud
2 (3]
& = — YIMOd
=
sng & O 42070
Ad3alive 2GA 8Z
anmo | -
| 3
= |
HALNdWOD =%
Y.LVQa 3 % TYNODIS ] SHIATOSTH
snd —_—] X 1B | . ‘sworvniov
A43LIVE oA 82 ) "AMOd

3-24

INTERFACE NODULE ELECTRICAL BLOCK DIAGRAM

FIGURE 3.3.1-3



-V W A ————A - Sy

uojIvandyjuo) walisdsqng Isniyyl

YR Y AR R s
SIS VSN

b= =

1|.I<Ii\ -— -

S Lrw E.E _

1-2°C"¢ ?an3y4

]6'4|J

TINCOK IDVIAIINI

“wr ". 4«
WANE
fr\/_ §

.’l - /
QOrEA RIVEWRT -

.
)
<!
=

3-25



uumnion

peo1 —

aossadoxad
Iamo ]

w23skg ourdug goWig z-z°€ ¢ axndig

{BqQuUTS 1235nay]

1938n1yyL

10je1pey

3-26



TE MIPIUBATIP 4 A AT BN vt s e gt 3 e e e <

s1ajsnay}

pue ssnaiy
u2amiaq

§10S8832014 13amog \\\Lirl\\

punoay ~

AU3WIDIPT{ IIMUEH UOIIR[NSU]

aowid pul

saplg pue cof
a1npoy| aneyiajul

1-€°€ ¢ danidyy

waisAsqng Isnaylr

3-27




4d0T2ANT ONILIVIIdO HIALSNYHL 1-7°1°¢ € FdNOId

STV INTWEND KYZE

o-u u_:n omu c._ﬁ N.m o._a w._o o_.o
ISOYAL TYZUI INVISNOD 40 SuN1T —  — =~
STTI0¥E YNTILIONHI QIIVMISROWIQ — = ==
250°1IANT 30 NOISNIIXT JIWISSOd ~— == — ~
32013AKZ OUIIVMYSO Quvenvis T
- 0079
. 00¢
— 008
S1710A
*q9VIT0A
n 00€ N3IL2S
J ~ 006
-~ 0001
A 002 _ sott

3-28



4.0

BIMOD ENGINE SYSTEM



S g -

I e

4.0
4.1
4.2
4.3

4.3.1.1
4.3.1.2
4.3.1.3
4.3.5.4
4.3.1.5
4.3.2
4.3.2,%
4.3.3
4.3.3.1
4.3.3.2
4.3.3.3
4.4
4.4.1
4.4.1.1
4,4,1.2
4.4,1.3
4.4,2
4.4,3

Table of Contents

BIMOD Engine System .
Reference Documents .
Functional Requirements .
Functional Description
Electrical

General .

Powe- Processor .
Thruste:s .

Thruster Gimbal .
Mercury Propellant Valve
Mechanical

General .

1bermal .

Genervl .

Power Processor |
Thruster/Thruster Gimbal
Interface Definitton
Electrical

Power Distribution
Gimbal Electronics
Thruster Controller .
Mechanical

Thermal .

4-1

Page
4-5

4.5
4-6
4-7
4-7
4-7
4-7
4-8
4-9
4-9
4-10
4-10
4-11
4-11
4-11
4-12
6-12
4-12
4-12
4-13
4-13
4-13
4-14



\I\JOG\O\G\O\U‘UU‘UIU'U!U'U‘U‘b

\D\D\D\D\D\DM\I

r W N

N O = e = e e
o ST, I - S VI S B o

T L
P V% L R

Propellant .

Performance Description
Propulsion .

Thrust Magnitude .
Throttling .

S..rtup

Shutdown .

Lifetime .

Thrust Magnitude Variation
Thrust Vector Control e e e
Physical Characteristics and Constraints .
Mass . .
Power

Environmental

Configuration

Development History

Background .

Current Program

Applicable Documents Enclosed

Ground Support Equipment

Engine System Test Facility .

Vacuum Facility Description .

Test Hardware Mounting

Test Hardware Accommodations

Utilities .

Page
4-14

4-14
4-14
4-14
4-15
4-15
4-15
4-15
4-16
4-16
4-16
4-16
4-16
4-16
4-16
4-17
4-17
4-17
4-18
4-19
4-19
4-19
4-21
4-22
4-23



— et ——————
S T e e . ———

I e e TR e

Pa

4.9.2 Machanical Ground Support Equipment . . . . . . 63;6
4.9.2.1 Fabrication Fixtures . . . . . . . . . . . . . 4-36
4.9.2.2 Test F}xtutna e e e e e e e e e e e e e 4-36
4.9.2.3 BIMOD Handling and Display Fixtures . . . . . . 4-36
4.9.2.4 Shipping Contaimer . . . . . . . . . . . . . . 4-36
TABLES
4.5.1.1-1 BIMOD Thrust Performance . . . . . . . . . . . 4-37
4.5.1.1-2 J-Series Thruster Performance - Linear

Throttle Profile Case . . . . . . . . . . . . . 4-38
4.6.1-1 BIMOD Engine System Mass Breakdown . . . . . . 4-39
4.6.2-1 BIMOD Power Requirements (watts) . . . . . . . 4-40
4.7.£~1 BIMOD Development and Test Progran. . . . . . . 4-41
4.9.1.4-1 Test Facility Power System Interlock Levels

and Operant Conditions . . . . . . . . . . . . 4-42
4.9.1.4-2 Potential Engine System Test Configurations . . 4-43
FIGURES
4.3.1-1 BIMOD Electrical Block Diagram . . . . . . . . 4~44
4.3.2.1-1 BIMOD Engine System . . . . . . . . . . . . . . 445
4.3.3.2-1 Power Processor/Thermal Control Asseumbly . . . 4-46
4.5.1.2-1 Thruster Operating Envelope . . . . . . . . . . 4-47
4.7.2-1 BIMOD Engine System . . . . . . . . ., ., . . .. 4-48
4.7.2-2 BIMOD Test Installation . . . . . . . . . . . . ,“‘49
4.9.1.1-1 Electric Propulsion Laboratory - Tank 6 . . . . 4-50
4.9.1.1-2 Drawing of Electric Propulsion Laboratory -

Tank 6 . . . . . . . . . . . . ... .. ... 451

4-3



F N Y
WO W W w©
S I

.13
1=-4
.3-1

41
.4-2
.4-3
-4

Bell Jar W-1 on Tank 6 .

Cold Wall Inside the W-1 Buoll Jar

Three LIMOD Array Mounted on W-1 Support
Structure

BIMOD Simulator Mounted to W-1 Support
Structure

Engine System Test Facility Power Flow .
Solar Array Simulator Functional Diagram .

Solar Array Simulator Output Circuit Schematic .

Solar Array Simulator Reference Circuit

Schematic

4=4

s

Page
4-52

4-53 N
4-54
4-55
4-56
4-57

4-58

4-59



SN NN - e RSPy e s— v

BIMOD Engine Svstem

Reference Documents

Sharp, G. R.: A Thruster Subsystem Module (TSSM) for

Solar Electric Propulsion. AIAA Paper 75-406, New Orleans,
LA, 1975.

Cake, J. E.; Sharp, G R.; Oglebay, J. C.; Shaker, F. J.;
and Zavesky, R. J.: Modular Thrust Subsystem Approaches
to Solar Electric Propulsion Module Design,. AIAA Paper
76-1062, Key Biscayne, Florida, 1976.

Sharp, G. R.; Cake, J. E.; Oglebay, J. C.; and Shaker, F. J.:

A Mass Study for Modular Approaches to a Solar Electric
Propulsion Module. NASA TM X-3473, 1977.

Finke, Robert C.; Holmes, Arthur D.; and Keller, Thomas A.:

Space Environment Faciligy for Electric Propulsion Systems
Research. NASA TN D-2774, 196S.

Kolecki, Joseph C.; and Gooder, Suzanne, T.: Laboratory
15 KV High Voltage Solar Array Facility. NASA TM X-71860,
1976.

Data Systems Development and Operations Branch: Escort -
A Minicomputer Based Data Acquisition and Display System
Tailored to the Specific Needs of Research Test Facilities
at the NASA - Lewis Research Center, Cleveland, Ohio.

May 1977.

4-5



’ * - ey W P W Sty aAVessuMalnww e e s e

4.2 Functional Fequirements

1) The BIMOD engine system shall convert unregulated

2)

3)

4)

5)

6)

N

solar array power into thrust.

The BIMOD engine system shall accept regulated bus
power to support its housekeeping functions.

The EIMCD engine system shall respond to external
control required for normal and off normal thruster
and power processor ope—-ations. These external con-
trol functions shall include executing thruster start,
stop, and throttle sequences, correcting for anocmalies,
and processing power processor interrupt signals.

The BIMOD engine system upon external eqmmand shall
provide two axis gimballing of ion thruscers.

The BIMOD e¢ngine system shall distribute mercury
propellant to the ion thrusters.

The BIMOD engine system shall maintain all components
within operational and non-operational temperature
limits.

The BIMOD engine system shall provide structural

support for its components and subassemblies.
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4.3
4.3.1
4.3.1.1

4.3.1.2
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Functional Description
Electxrical ,

General
The BIMOD electrical system shall be comprised of two
power processors, two thrusters, two thruster gimbal

systems, and two mercury propellant valves (figure 4.3.1-1).

Power Processor

Each power processor shall receive 200 to 400 VDC power
from the power distribution unit of the interface module
and convert this power to the twelve power supply outputs
required to operate a thruster. This conversion lﬁlll be
accomplished by a silicon controlled rectifier (SCR)

series resonart inverter for the screen and accelerator

~ supplies, an SCR series resonant inverter for the dis-

charge supply, and a transistor series resonant inverter
with nine output regulators for the remaining supplies.
Control of the twelve supplies to execute start, stop, and

throttle functiors shall be accomplished by set point com-

mands from the thruster controller in the interface module.

4-7
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3

Telemetry data shall be obtrined by telemetry commands v
from the thruster controller. The power processor shall

automatically control the beam current, discharge voltage,

and neutralizer keeper voltage of the thruster by means

of feedback control loops.

The power processor shall also receive 23 to 33 VDC power
from the power distribution unit for its housekeeping
supplies.

Section 6.0 should be consulted for 3 complete description

of the power processor.

- Thruster

Each thruster shall receive power supplied by its power
processor and convert it into thrust. Mercury is vaporized
by heaters in the thruster and then ionized in the dis-

charge chamber. The mercury ions drift toward the screen

and grid where they are accelerated by the high voltage

" between the screen and accelerator grids and are exhausted

4-8
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$4.3.1.4

4.3.1.5

at & high velocity, producing thrust. Electrons are added

to the exhaust beam to neutralize it.

Section 5.0 should be consulted for a complete description
of the thruster.
Thruster Cimbal !

The direction of the thrust vector shall be changed by
gimballing the thrusters. Each gimbal shall be driven
by two stepper motors and its orientation derived from
two resolvers. The gimbals shall be controlled by

commands from the mission module computer.

Section 7.0 should be consulted for a complete description
of the gimbal.

Mercury Propellant Valve

Mercury propellant flow to each thruster shall be turned
on and off by a mercury propellant valve. The valve
shall be a latching type solenoid valve where pulsing
one coil opens the valve and pulsing the other coil

closes the valve. 1t is anticipated that all valves will

4-9
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4 3.2.1

be commanded open via ground command at the beginning of

the mission and will be left in the open position.

Section 13.0 should be consulted for a complete description

of the mercury propellant valve.

Mechanical

General

The BIMOD is an integrated assembly of two power processors,
two thrusters, two thruster gimbals, a heat pipe/radiator
subassembly, and supporting s ructure. As shown in

figure 4.3.2.1-1, the two power processors are mounted

to two heat pipe evaporator saddle assemblies. The heat
pipes extend to remote space radiators which are attached
to the power processors and are supported by an aluminum
truss. The base of the truss is mounted to the four
columns on the sides of the power processors. The thruster
and thruster gimbals are mounted to the far end of the
truss. Harnessing and mercury propellant feed lines and

valves are supported along the truss.

4-10
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4.3.3
4.3.3.1

4.3.3.2

Section 9.C should be consulted for more detail on the

BIMOD structure.

Thermal

General

The required temperature environments of the BIMOD com-
ponents shall be maintained by a combination ol variable

conductance heat pipes, radiators, multilayer insulation,

and heaters.

Power Processor

The two power processors are mounted to opposite sides of
two heat pipe evaporator saddle subassemblies and are
wrapped with a multilayer insulation blanket. An exploded
view of figure 4.3.2.1-1 is provided in figure 4.3.3.2-1
which shows the assembly of the power processors and heat
pipe saddles. Three heat pipes are embedded in each
evaporator saddle, with one heat pipe a redundant pipe.
The mounting arrangement of the heat pipes within the
saddle allows for heat dissipated from either power pro-

cessor to be distributed to both heat pipe radiators.

4-11
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4.4
4.4.1
4.4.1.1

Thruster/Thruster Gimbal

Multilaver insulation is placed between the thruster and
thruster gimbal motors to provide the propet thermal envi-
ronment for ea~h and to prevent solar flux from impinging

on the back of the radiators.

Section 8.0 should be -onsulted for more detailed infor-
mation on the heat pipes and Section 9.0 for the thermal

control subsystem.

Interface Definition

Electrical

Power Distribution

The power distribution unit in the interface module will
provide the required unregulated and regulated power co
operate each BIMOD.
a) The power distribution unit will provide nominal
200 to 400 VDC power to each power processor.
t) The power distribution unit will provide 23 to 33 VDC
power to the housekeeping supplies of the power pro-

cessors and to the mercury propellant valves.

4-12
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4.4.1.2

4.4.1.3

4,

4.2

c) The power distribution unit will provide excitation
voltages of TBD VDC to the BIMOD temperature and
Pressure transducers. Transducer outputs signals will
be conditioned and formatted by the power distribution
unit.

Gimbal Electronics

The gimbal electronics in the interface module will provide
the drive signals of 23 to 33 VDC to operate the gimbal
stepper motors and will provide 11 VAC, 400 Hz power at
.05A current to each gimbal angle resolver.

Thruste- Zontroller

The thruster controller in the interface module will pro-
vide commands to and receive telemetry from each power

processor as described in applicable document 4.8.1,

Command and Telemetry Codes of Power Processors for the
30cm Ion Thruster.

licchanical

The BIMOD will be mounted to the interface module truss
at the four mounting points as shown on LeRC Drawing

CF 638168, BIMOD Thrust Module Interface Control Drawing.

(applicable document 4.8.2).

4-13



4.4.3

4.4.4

4.5
4.5.1
4.5.1.1

Thermal

A multilayer insulation blanket placed across the top of
each BIMOD will assure thermal isolation between the

BIMOD and the interface module.

Propellant

Mercury propellant tanks within rhe interface module will
distribute mercury tcv the ion thrusters through individual
distribution lines in the BIMOD. Field joints will be used
in the digtribution lines between the BIMOD and the inter-

face module.

Performance Description

Propulsion
Thrust Magnitude

The BIMOD shall be capable of providing the nominal thrust
and specific impulse as a function of input power listed
in table 4.5.1.1-1. The corresponding performance at the

thruster and power processor level is listed in

table 4.5.1.1-2.

4-14
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4.5.1.2

4.5.1.3

4.5.1.4

4.5.1.5

Throttling
1) The BIMOD shall be capable of throttling each thruster

over the thruster voltage - current envelope identi-
fied in figure 4.5.1.2-1.

2) Throttling within this envelope shall be at beam
current increments of .1A within 30 seconds and shall
be in & direction that does not result in exceeding
system input power limits.

Startup

The BIMOD shall be capable of starting the thruster and

providing stable operation at .75A beam current within a

nominal time of 43 minutes from start of thruster preheat.

Shutdown

The BIMOD shall be capable of providing a normal shutdown

of the power processor into a standby mode within TBD

minutes.

Liferime

Each thruster/power processor combination shall be capable
of prcviding operation equivalent to 15,000 hours when

operated ar ? amp beam current.

4-15
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A

Thrust Magnitude Variation

Thrust megrnitude errors are TBD.

Thrust Vector Control

The BIMOD shall be capable of providing thruster gimbal
travel angles of 1-35o about the y axis and +16° about the

x axis as defined in figure 4.3.2.1-1.

Physical Characteristics and Constraints

Mass

The estimated mass of the BIMOD is 137.5kg. A breakiown
of the BIMOD mass is listed in tatle 4.6.1-1.

Power

The power required of the power distribution unit by the
BIMOD shall not exceed the estimated values given in
table 4.6.2-1,

Environmental

The BIMOD shall be cumpatible with the structural and
thermal design criteria identified in Section 9.0.

Confipuration

The configuration of the BIMOD is defined by LeRC drawing
C¥ 638168, HWIMOD Thrus* Module Interface Cont:rl Drawiny

{ 'pplicale document & 6.2)
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4.7
4.7.1

Development History

Background
As discussed in Section 3.7, the BIMOD concept waer developed

in 1975. The concept avolved from an 2arlier one which
integrated a single power processor. thruster, thruster
gimbal, heat pipe/radiator/louver thermsl control, pro-
pellant tank, and structure into a single module (see
reference document 4.1.1). Starting in late 1975, a trade-
off study was conducted at the engine system level in
parallel with the functional model power processor design
and thrust subsystem definition sctivities. The BIMOD
vas selected in mid 1976 over two competing concepts
primarily hecause of the thermal redundancy inherent in
the design. (Reference document 4.1.2 and 4.1.3). There
was little difference in mass among the three concepts.
Detailed design of the BIMOD continued at a low level
through 1977. Procurement and fabrication of long lead
items occurred in 1978,

Current Program

A mass simulation model of the BIMOD has been completed

and is ready to enter vibration testing (see figure 4.7.2-1).

The mass of the BIMOD simulation model is in close agree-
ment with the mass estimates given in table 4.6.1-1., The
live BIMOD will be assembled in July 1979. Upon completion
of assembly, the BIMOD will enter a test program which will

4-17
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4.8

4.8.1

4.8.2

4.8.3

4.

8.

4

1) obtain engineering dsata on the BIMOD design, perfor-

mance, and interfaces; and 2) characterize the inter- N
faces that are unique to ion drive. A summary of the

test program is given in table 4.7.2-1. A schematic

of the test installstion for the BIMOD test program is

given in figure 4.7.2-2. Further detail may be fcund

in applicable document 4.8.4, BIMOD Test Plan and in

Section 4.9.1, Engine System Test Facility.

Applicable Docupents Enclosed
Command and Telemetry Codes of Power Processors for the

30 cm Ion Thruster, Revision 10. NASA Lewis Research Center,
Solar Electric Propulsion Office, December 1978.

BIMOD Design Drawing List, NASA Lewis Research Center, May
1979.

BIMOD Ground Support Equipment Drawing List, NASA Lewis
Research Center, May 1979.

lon Drive BIMOD Thrust Module Test Plan. NASA Lewis Research

Center, Solar Electric Propulsion Office, November 1976



4.9
4.9.1

4.9.1.1

Ground Support Equipment

Engine System Test Facility
The Engine System Test Facility provides the capabilities

required'to test SEP engine systems under simulated mission
conditions for the test configuration ‘dentified in figure
4.7.2.2. The facility also includes the capabilicies
necessary for testing and integrating subsystem elements
such as {on thrusters and power processors. These capa-
bilities include vacuum in the 10" to 10~7 rorr range,
thermal environment from liquid nitrogen temperature to

the equivalent thermal input of 1 sun, DC power at

300 +100 volrs and 28 +Svolte, and centralized data

collection, processing, and display.

Vacuum Facility Description

The Engine System Test Facility is a part of the Electric
Propulsion Laboratory of the Lewis Research Center which
was cesigned for testing ion and plasma thrusters, space-
craft and other equipment in simulated space environments.
Reference document 4.1.4 details the laboratory as it was
configured in 1965. The Laboratory Operaticns Building
houses two space-environment tanks plus suxiliary and
test equipment and shop support facilities. The larger
cf the two tanks - Tank 6 - houses the Engine System Test
Facility. This tank, shown in figures 4.9.1.1-1 and

4.9.1.1-2, is 7.6 meters (25 feet) in diameter by 21.3 meters

4-19
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(70 feet) lorg. Normal pressure in the tank with thrusters
running ranges from 2x10"6 to 2x10°7 torr. Reference document
4.1.4 contains detailed information on the tank pumping
aystem, presesure instrumentation, and performance. The

test facilicy currently occupies the largest cof the ports,
W-1, which is a tell jar 3.1 meters (10 feet) in diameter

and 3.1 meters long (figure 4.9.1.1-3). Tank 6 also

includes two .93 meter (3 foot) diameter ports for individual
thruster operations and a number of small ports for thruster

component tests.

The W-1 bell jar is separated from the main tank by a

3.1 meter (10 foot) dlameter vacuum gate valve of stainless
steel construction. The time required to raise or lower
the value is five minutes. Such isolation (also present

on other Tank 6 test facilities) permits rapid test hard-
ware cycling without disturbing other test operatiorns

and without the need to bring the main tank to atmosphere.
One work-day turn-arounds, including hardware instaiiation

and/or removal, are not uncommon.

The W-1 bell jar includes a liquid nitrogen cooled haffle
as does the main chamber. The baffle-covered portior of

the bell jar wall is shown in cross-section in

figure 4.9.1.1-4. With full nitrogen flow to the baffle,

test hardware in the bell jar can be cocled to -191%.

4-20
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4.9.1.2

This temperature is limited by the presence of the room
temperature W-1 end cap. 1In addition, an available
tungsten iodide lamp bank can be installed in the lower
sector of the bell jar to provide the equivalent thermal
input of 1 sun (1.4 KW/M).

Test Hardware Mounting

In the current configuration, test hardware in the W-1
bell jar is mounted from the 3.1 meter end cap. This
arrangement provides convenient access to the hardware
vhen the end cap is in the rolled back position. All

test hardware vacuum penetrations - for th. electrical
harnesses, the mercury propellant feedlines and power
processor coolant lines - are carried on a .93 meter

(3 foot) flange mounted to the end cap. This arrangement
shown in figure 4.9.1.1-3 greatly simplifies the task of
moving test hardware into and out of the bell jar and also
facilitates hardware check-out and servicing when the end
cap is in the rolled-back position. The end cap flange
currently contains thirty-seven 10cm (4 inch) flanges which
actually carry the penetrations, an arrangement which pro-
vides a high degree of flexibility. End csp modifications
are currently undervay to increase the number of available
10cm flanges to seventy-nine by the addition of a 33em

(13 inch) spool-piece carrying 24 small flanges and a

new .93 meter flange with 55 small flanges.
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4.9.1.3 Test Hardware Accommodations
In 1its present configuration, the W-1 bell jar is able to
accommodate up to three BIMODs in the flight configuration.

Figure 4.9.1.3-1 ia a sketch of the end cap in the rolled-
back position with a three BIMOD array installed on the

supporting frame. As can be seen in the sketch, three
BIMODs would f1ll the cross section of the 3.1 meter
bell-jar. The BIMODs would also fill the available bell
jar length. In the current test program, the live BIMOD
will be located in the center bay. Testing of a thrust
subsystem with more than six thrusters or integration
testing the interface module in the flight configuration
would require modification of the support frame and the
facility. Facility wmodifications could includ+ the

addition of spool-pieces to the bell jar.

The W-1 facility presently also includes support fixtuves
of two types for thrust subsystem component testing The
first is the BTMOD Simulator whick is shown in figpure
4.9.1.3-2 with two thruster mass models installed an”

i{s located in the lower test bay. The Simulator whi.th

has the same veolume of a live RTMOD consists of W re "o .

P



4.9.1.4

electrenic equipment bay and a8 support trusas for two ion
thrusters. The equipment bay is 1.6 meters by 1 wmeter by
0.45 meters and is used for thermal/vacuum integration
testing of power processors and thrusters. In addition

to thrusters and power processors, the BIMOD Simulator

is also s test bed for mercury precpellant solenoid valves
and thruster gimbal systems. The second type of W-1 test
fixture is a simple truss structure for two gimbal-mounted

thrusters located in the upper truss bay.

The configuration of the end cap supporting frame is
identified in applicable document 4.8.3 as LeRC Drawing
CR 622730, Adapter Structure for Three Engine Systems -
EPL Tank 6. The BIMOD Simulator is described in appl. cable
document 6.8.3_:0 LeRC Drawing CR 622740, BIMOD Simulator
for EPL Tank 6 Engine System Test Stand.

Ucilities

The W-1 faciliry provider the basic utilities necessary
for thrust subsystem and subsystem component testing.
These utilities include meccury propellant feed systems,
power processor cooling systems, DC input power for the
power processors, a thruster command system and an auto-
matic data collection and processing system. Other, more
specialized utility requirements for specific tests are

not presently part of the faciliry.
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1)

Propellant System - Each of the propellant systems
for the six thrusters contains a single mercury °
reservoir which is manifolded to provide individual
feedlines for the three thruster vaporizers. The
reservoir has a capacity of 17 kilograms (38 pounds)
which is sufficient for approximately 1100 hours of
thruster operation at full power (2 amp beam). For

test purposes, each vaporizer feedline includes a

\\\ calibrated flow tube for measuring propellant flow

2)

3

rates for each thruster vaporizer. Simp.e line changes
\‘t the thruster permits flight-like operation of all
three vaporizers from a single propellant feedline.
Cooling System - Power Processor cooling for live
BIMOD thermal/vacuum testing is furnished by the BIMOD
variable conductance heat pipe/radiator system which
{s described in Section 8. However, for routine BIMOD
operation and for individual power processor testing,
the use of liquid cooling baths provides greater oper-
ating flexibility and simplicity. For this purpose,
the power processor heat pipe saddles also contain
liquid cocling channels. Avallable ccoling baths can
maintair any desired power processor saddle temperature
from -10°C to +50°C.
Input Power - The primary DC power system is required
to furnish the power processor input power for BIMOD

operation in the Engine System Test Farility The

4-24
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sy_tem must also support testing of individual nower
processors in the same facility. Each power processor
requires a DC input power channel of approximately
3KW at 300 +100 volts and approximately 100 watts at
28 45 volts. (Specific input power requirements are
defined in Section 6.0). The power system described
below is presently under construction with completion
expected in August 1979. The W-1 Primary Power
System provides six input power channels. At present,
four are independent and two operate from a common
power bus. The two-channel bus can be operated in
either the bottom-grounded (0 to +V out) mode or as

a center-tapped power source. Other power aystem
capabllities include separating the BIMOD single
point ground from the facility ground, inserting a
solar array simulator into the power train, and
potentially using an actual solar array for low out-
put power BIMOD and. 'or individual power processor

testing.

The Primary DC Power System (figure 4.9.1.4-1) consists
of pover control,‘grounding control, and system identi-
fication/status panels located in the Engine System

Test Facility Control Center; DC power supplies, AC and
DC control units, and the grounding electronics iocated

in the Power Cage; and the DC Power Patch located

4-25
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adjacent to the W-1 bell jar. An interlock system
is included primarily for personnel protection, *ut
it 2lso provides limited hardware protection.

a) Power Control - The power control panel provides

ON/OFF control and output voltage setpoints for each
of the six power channels There are three levels of
ON/OFF control. The highest level is provided by a
total power system purmissive (key lock) and emergency
shutdown. This is followed by ON/OFF control of the
AC input power to the DC power supplies of each power
channel. The final level is the simultaneous appli-
cation of the 300 volt and the 28 volt power to a

power processor. NOTE: the interlock system (see
below) exercises pre-emptive control over the power
svstem AC = .} DC contactors. The output voltages for
each power channel are set by potentiometer adjustment
on the power panel. The power processor input voltages
and currents for each power channel are monitored on a
digital panel merer. 1n addition, the 300 volt line of
each power channel includes a current shunt and meter
reluy for cver-current protection.

b) DC Power Supplies - The systen DC power is produced

by an assemblage of commercial DC power supplies: twc
Sorenson DCR300-35A supplies (0 to 300 wolts, 0 to 5
amps) operated in series for the two-cnannel, center-

tappable bus; four Sorenson DCR6 600-18A supplies (0 tn

4 26



600 volts, 0 to 18 amps) for the four independent power
'channels; and six Kepco JOE36-8 supplies (0 to 36 volts
0 to 8 amps) for the 28 volt input power. Any or all
of these supplies can readily be paralleled to provide
for larger capacity common bus operations. Also, the
solar array simulator (see below) can be inserted in
the power truin of any of the channels, including

the two-channel common bus, and still retains the
output monitoring and over-current protection of

the channel(s). At present, only the two-channel

bus power supplies are isolated from facility ground
for floating cperation. The isolation capability

for these two channels is greater than 2 KV. The
remaining channels have only the equipment-standard
500 volts input-to-output isolation.

c) Powver Patch - All six power channels are terminated
at a patch panel located adjacent to the W-1 bell jar.
There any channel may be connected to a BIMOD or
individual power processor located either in the bell
jar for vacuum testing or in one of the air-testing
cages. The power patch also provides 300 volt and

2B volt rest points for oscilloscope monitoring of the
current and voltage waveforms on each power channel.

d) Grounding - In the W-1 test facility, all system
elements are tied to a single point ground, analogous

to spacecraft common. The bell jar test support fixture

~d
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cessor. The third level is the permissive for isolating
the single point grounds from facility ground.

Table 4,9.1.4-1 identifies these various interlock
levels and the conditions that invoke them. The status
of each interlock is displayed in the Control Center.

f) 1Ildentification/' atur - In the Control Center,

the identificatio../status panel defines all operational
engine systems by thruster number, the location of the
power processor supplying that thruster, and the
identity of the power channel being used. The engine
system identification coding is self-defined (carried
in the interconnecting harnesses) and incompletely
defined systems are inoperative. Table 4.9.1.4-2
displays the elements available to form the potential
engine system configurations by merely selecting one
from each column. The panel also displays the
operational status of each defined thruster system -
interlocks open or closed, power processor on or off,
and thruster on or off. The power system configuration
(bottom gruunded or center-tapped) is also displayed.

g) Solar Array Simulator - A solar array simulator

(S8AS) is available to serve as the power system identi-
fied in figure 4.7.2-2. The maximum power range is

from 150 to 7500 watts. This represents an open circuit
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voltage from 50 to 300 volts and a short circuit

currerit from 4 to 36 amps.

The SAS voltage-current characteristics closely
simulate that of an actual solar array. Four illum-
inated solar cells were used in series as the con-
trolled element in the SAS. The illuminated solar
cells provide a true solar cell characteristic and
permit the option of simulating changes in this
characteristic due to variations in solar intensity
and/or temperature of the solar array. This is
accomplished by changing the illumination and/or

temperature of the control cells.

The output impedance of the SAS closely approximates
that of an actual solar array. This is indicated by
the response time and the dynamic path of the output
to a step change in load closely approximating that

of an actual solar array.

The functional diagram of the complete ciicuit is
shown in figure 4.9.1.4-2. The output circuit oper-
ates as a dissipative voltage regulator which follows
the reference input to the open circuit voltage (Voc)
adjust control. The reference circuit generates the
V-1 characteristic curve that drives the output regu-
lator. A voltage across shunt R10 proportional to the

current in the output load is applied to the short
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circuit current (I.c) adjust control. The I,c adjust \
control scales this signal and applies it to the input

of amplifier AI. AI is a varisble load, across the

contro. solar cells, proportional to the current in

the output load. Amplifier A2 weasures the voltage

across the solar cells and provides a reference

signal to the output circuit proportional to this

voltage. This reference signal corresponde to the

required output voltage for the specified load

current as defined by the solar array V-I characteris-

tic curve.

The schematic diagram of the output circuit is shown
in figuce 4.9.1.4-3. Amplifier A3 is an integrator
and summing function for the output circuit feed-
shock loop. The integrator also stabilizes the
loop. Amplifier A4 inverts the signal.

The power output consists of four stages of current
amplification capable of delivering a load current
of 40 amps. Capacitor C8 is used to dampen internal

oscillations in these stages.

The present design of the SAS is contained in one
standard equipment rack except for the DC power sup-
Ply. The bottom of the rack contains 40 water cooled

transistor modules; 7 driver modules and 33 output
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modules. A typical module is shown in figure 4.9.1.4-2.

Each module consists of a printed circuit board, a
0.3)5 uin thick water cooled copper heat sink, and 10
parallel transistors with base and emitter resistors.
Each board has a fuse in both the base drive and

the emitter output lead. If a transistor fails in

a shorted condition, these fuses open and remove
that board from the circuit. The system will then
con:inue to operate on the remaining boards. The
upper portion of the rack contains the control
electronics and indicator lights that identify

blown fuses.

The reference circuit schematic diagram is stown in
figure 4.9.1.4-4. The four solar cells in series
were 0.4 cm by 1.0 cm, N on P, 10 ohm-cm silicon
cells with a short circuit current rating of 10mA.
The cells were chosen for their low value short
circuit current, their representative character-
istic curve, and their availability. Any type of
solar cell can be used in the circuit, however, Al
must be capable of sinking the short circuit current
from the cells. The four cells in series provide an
open circuit voltage of approximately 2.2 volts.
Solar cell illumination is provided by an inrandescent

DC light source, variable in intensity from z2evo 10
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140 wi/cu? on the cells. 'The temperature of the sells
is controlled by a vnriaﬁle temperature heatsink.
Capacitors Cl, C2, and C3 stabilize the SAS.

Solar Array - The Electric Propulsion Laboratory
houses a 1 KW Solar Array Facility, which is des-
cribed in reference 4.1.5. This solar array is not
tied into the power system at present, but such a
tie-in could readily be made. The installed capacity
could provide approximately 3.5 amps at a nominal 300
volts - adequate to supply a single power processor
operating a thruster at slightly less than a 1 amp
beam. A stéaight-forward expansion of the solar array
capacity to about 2 KW would support ope>-ation of a
single thruster at a 1.5 amp beam or a BIMCD could be
operated with both thrusters at the ".75 amp (1/4&
power) beam level.

Command System - The W-1 facility includes a thruster
command system which is described in Section 11.7. The
command system identified in figure 4.7.2 as "thruster
control computer” is a precursor to a flight-type
thruster controller. The system functions in two
modes: manual, in which individual power processor
commands are accepted and transmitted as is; and the
automatic mode, in which engine system pseudo-commands
(such as start-up, throttle, and shut-down) are used

to direct computer operation and control of the thrust-
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ers. In the automatic mode, the computer also con-
tinuously monitors all operating thrusters and will,

if necessary, correct off-normal operating conditions,
such as low mode, repetitive arcing and neutralizer
outages. Both power processor commands and engine sys-
tem pseudo-commands can be entered either on the Manual
Input Unit (in binary) or on punched paper tape (in octal).
The paper tapes also specify the times at which the com-
mands or psendo-commands are to be executed. This feature
provides for extended periods of hands-off thruster opera-
tions with pre-determined profiles of start ups, throttles,
and shut-downs. Thruster operational status and all data
availabl~s via power processor telemetry are periodically
logged by the system. The command system is currently
being expanded from three to six command channels. A
second stage of expansion will improve the man-machine
interface to include English pseudo-commands (rather than
binary or octal) and greatly increase the flexibility and
speed of telemetry data psocessing and display.

Data System - The W-1 facility has access to an auto-
matic data collectiou, processing and display system-
Escort, which is described in reference 3.8. The

test facility interface to the Escort system is the

Test Control Computer identified in figure 4.7.2-2.

Escort service for W-1 is intended to supplement the

data zvailable from the power processor telemetry
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systems and to support the data needs of special tests.
such as thermal/vacuum testing and interaction testing. , ¢
There are up to 300 data channals available at present
for test data over and above those channels reserved

for facility instrumentation. Escort can provide
acquired data in either millivolts or in engineering
units along with time, date, and test identification
information. Parameters derived from the acquired

data (for example thrust, specific impulse, and in-

put power) are also readily available on a real-time
basis. Eacort data is continuously updated and dis-
played on the Test Control Computer CRT with up to 16
available display formats. Important parameters (15
maximum) can also be displayed on digital panel meters.
Hard-copy print-out of the displayed data can be obtained
bv push-button control or at specified time intervals.
The data can also be transmitted to the Lewis Data Col-
lector Facility for recording on legal record tape and/
or subsequent central computer processing. Data trans-
missions to the Facility can be invoked either at pre-
determined intervals or in response to out-of-limits

data.
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i 4.9.2
‘ 4.9.2.1

4.9.2.2

4.9.2.3

4.9.2.4

L'\ *

Mechanical Ground Support Equipment
Fabrication Fix:ureo

1

2)

BIMOD Assembly Fixture, LeRC drawing CF 622763,
applicable document 4.8.3. .
Heat Pipes and PPU Assembly Fixture, LeRC drawing

CD 622762, applicable document 4.8.3.

Test Fixtures

1)

2)

Adapter Structure for Three Engine Systems-EPL
Tank 6, LeRC drawing CR 622720, applicable
document 4.8.3.

BIMOD Simulator for EPL Tank 6 Engine System Test
Stand, LeRC drawing CR 622740, applicable document
4.8.3.

BIMOD Handling and Display Fixtures

1)

2)

3)

BIMOD Display Roll Over Fixture, LeRC drawing

CF 622764, applicable document &.8.3.

Portable BIMOD Display Fixture, LeRC drawing

CR 622765, applicable document &.8.3.

Off Axis Roll Over Fixture, LeRC drawing CR 622766,
applicable document 4.8.3.

Shipping Container

1)

BIMOD Shipping Container, LeRC drawing CR 622742,
applicable document 4.8.3.

4-36



B o L 7 e

37uUn uUOFINGIIISTP 19mod JO and3no 3v paujjep iamod pajeindaauf =

T

0°901
8’9
9°¢61
9°6SC

aon1g
Nu  LSOWHL

2961
90¢T
t6%¢
%897
ozot

SaN0JAS ‘dS

8ouUNE10319d ISNIYL QOMIS T-T1'1°S°%7 19wl

1

asindmy 93j§oads = 94571

ASuaoFIFe QOWIgE Te3I0L = U

89¢€"
cey’
L6Y’
4113
019’

aanIig

L061
865¢C
62S¢
6LSY
2529

SIIVM ‘annld
»2UAMOd

4-37

.Y |



[N

-y o~

- R AT

e

AJU3|D] 3§39 J0SSID0IY 13404 = Ndd,,

Jamod Induy J0SSIINUY AN0Od = _Enn

AJUa131439 JISIIYYL = Hiy,

190md Indu) 4ISNIYL = :hm
JIIYM
1oLE 7961 146 8Lt” sl €0S° o 009 SL* ]
0°£S 9022 9821 Shy” Y8l 89s° 8001 0oL 0"l ]
6°€L 642 Lyl 0ns: 6.9° 1£9° eyl 0z8 €1 £
8°96 4897 {9te 795° 058" 199° 1261 046 91 4
g 62i ozot 960¢ 029’ e’ e 00/2 Qol | 4 i
N 23§ ) " A e U |0d
ds u) Ndd fejo) Ndd HL HL u3242$ weag 19S

Isnayy | d u u u d A {

9589 2| 14044 21330441

JOFU|] - IURWI0JIDG JRISNUYL $IIIAS-[ Z-1"17aTh AR

4-38

i
-y




sauy
‘sUO[ PIITd ‘®9afsA

Ndd O3 SSauiBy jJo
Ss®) SIPNIOU] BITIIS-[

19pOW 1RUOTIOUNJ

e m—

S$3USUAIO)

[37 NN -

1't

L0
1°01
8°9

]
0°12
L9t
1°L€1
31 seEy

SNOIUBTIVSTH

uorangyaIsiq ueyiadoay
§3NI3S puw EENIL

(z) siequyy 193snayl

(z) saaasnayy
10a3uo) TBWAIY]
(Z) £108830014 Ianod

18301l JONWIf

Wy

unopiealg ssEN Wa)sA§ ujdug GOWIE 1-1°9°% 219%1L

4-39

P



[
se
001

91t

I9A0g X8R

$31N04}] 123EdY JO UOTIN[OSIAY U0 spuadag @A[ZA TBNIIV  xxx
ase) plo) [ewidyl o3 spuodsallo] xy
a[NpPOW 208)3A3U] U} PIIEI0] gujuciafpuo) [eudIS »

0 ki#nﬁ *##on **«c-#¥¥~Nﬁ
-- -- -- -- 4%
Z1 (48 A 1 1
Y4 - -- -- --
001 S6 06 ¥8 --
GL8 GLE 00t 1Y >
I3R04 UTW 2 JIW3H 3I89ydad  Aqpuels 330

(sz938nayl/20883201d 1IN0 auQ) Ipol UOTESTH

81938aH °
*

sanTep Lindi1al
k:b«uwu:ﬂezuumca
(4o83) sTBqQE}H IIISNIYL
(yoead) 108630013 Iamod °

A8Z p23enday

(you?) 108830014 IAMO]

AQOY% 03 002 paaeindaaun

@eIL

(s339m) sjuswaainbay I9M0d QOWIE 1-7°9°% 2198l

4-40



SUOTINqQE2ISTq PI9Td puw
91973a9g 3IFea0308wdg IATIQ UOT IDIPIXd 03 pIagnbay senbyuyday
1®27341%Uy JO UOFIBOIITIIA pu® Juamdolan’ag 103 evleq epjr0ad

8aAF192[q0 pPu® SIUNNIISU] IDUITIS YITA SUOJIdVIIIU] IIISNIY]
yBEs-jo-auyl Uyl IPIIIINK SuriIsurduz uo 308333 XN[3IJI €801

JATIQ UO] ©3 INDTU[ IIV IVY] SIIWIIAIU] IY] 221393I0BABYDH 7 FNILOArdo
suaisdg L1vI(IoUV - saanjeuldys W3
17°33Uo) guw pusumio) - uo}3IvZI¥IN Iueyradoayg -
wa)sLg zamnog puw Lvixy i1wvios - 89IOU9191334 -
o3uwy [wiuamuoijauy paxjnbay 19aQ 2duUBMIOJ1IJ WIISAS @zFiajowawy)
u8ys9Q [EOJUBYIIN LJFIIA 03 3I8AL UOTIBAQTA
uSysaq (vwIaYy] LJJI3A PUE UOCTINQFIISFQ 2anIviadma] IINSEA -
sidaosuo)
929133058 puw SswWyIra0B1y uoj3waadg £Jjasp o3 3189 [RuUOTIOUNY -
891339doag Ofjouldel -
s9313a9doag ssey -
s13jaumang wajysle Suyiwaadg uoy 8zjazioeawy)
§3083133U] pu® aoUBKIO]IdJ
1 JAILDArd0

‘udysaq weiskg uoysindoirq aAFag uol uo eieqg Jujaadurduz ureiqo

weaBcag 3sd] puw Juawmdorandq QOWIE 1-Z L % 21981

4-41



Table 4.9.1.4-1 Test Facility Power System
Interlock Levels and Operant Conditions

Pers Equip

Level 1 - Total System Shutdown and Grounding

1. Access door to bell jar flange open X

2. Power cage door open X

3. Power patch access door open X

4. Single point ground cables open X ) 4

5. Bell jar gate valve closed X

6. Tank pressure 2X1C-5 torr X

7. Propellant solenoid valves closed X
Level 2 - Single Power Channel Shutdown

1. Power processor cage door open X

2. Data monitor unit door open X

3. Power processor over-temperature X

4. Thruster computer permit off X
Level 3 - Ground All Single Point Grounds

1. Mercury reservoir cage door open X

2. Coolant svstem cage door open X

3. Non-floatable equipment connected X X
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Table 4.9,1,4-2

Potential Engine System Test Configuratisns

T e

Power Power Processor Thruster
Channel Location Location
A Al - Air Location #1 1 - Lower Bay #1
B A2 - Air Location #2 2 - Lower Bay #1
c Ad - Air Location #3 3 - Center Bay #1
D A4 - Air Location #4 4 - Center Bay #2
E Bl - Center Bay #1 S - Upper Bay #1
F B2 -~ Center Bay #2 6 - Upper Bay #2
B3 - Lower Bay #1 D - Load Simulator
B4 - Lower Bay #2
€l - 3-Inverter BB
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THRUSTER

BIMOD Electrical Block Diagram

Fipure 4.3.1-1
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Figure 4.3.2.1-1 BIMOD Engine System
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Figure 4.3.2.2-1 Power Processor/Thermal Control Assembly
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Figure 4.7.2-1 BIMOD Engine System
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Figure 4.9.1.1-1 Electric Propulsion Laboratory - Tank 6
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Figure 4.9.1.1-4 Cold Wall Inside the W-1 Bell Jar
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5.0

5.1
5.1.1

5.1.2

Thruster
This section describes the 30-centimeter electron
bombardment mercury ion thruster. The descriptions

and data provided are appropriate to the latest de-

sign thruster which is called the "J-Series" thruster.

Front and rear side picturea of the thruster are
shown in figures 5.0-1 and 5.0-2. The thruster
parts list is applicable document 3.8.1. A complete
set of drawings is included. Fabrication, assembly
and test procedures which supplement the drawings
are contained in Hughes Research Labs (HRL) Ion
Physics Department (IPD) procedures contained in
epplicable document 5.8.2.

Functional requirements and a functional description
are given in this section along with a description
of interfaces and performance. Standard operational
sequences are defined. Detail on coding which has
been done to convert these algorithms to software

is contained in the thruster controller section 11.0.

Reference Documents

Kaufman, H. R.: One-Dimensional Analysis of lon
Rockets. NASA TN D-261, March 1960.

Kaufman, Harold R.: An Ion Rocket with an Electron-
Bombardment Ion Source. NASA TN D-585, 196l.
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Bechtel, Robert T.; and Rawlin, Vincent K.: Per-
formance Dc :umentation of the Enginearing Model 30cm
Diameter Thruster. NASA TM X-73530, 1976.

HRL Technical Staff: 2.5 kW Advanced Technology lon
Thrusters. NASA CR-134687, 1974,

HRL Technical Staff: 2.5 kW Advancec Technology lon
Thruster Final Report. NASA CR-135076, 1976.

Banks, Bruce; Rawlin, Vince; Weigand, Albert; and
Walker, John: Direct Thrust Measurement of a 30ca
Ion Thruster. NASA TM X-71646, 197S.

Mirtich, M. J.: The Effects of Exposure to LN,
Temperatures and 2.5 Suns Solar Radiation om 30-cm Ion
Thruster Performance. NASA TM X-71652, 1975.
Mirtich, M. J.: Thermal Environment Testing of a
30-cm Engineering Model Thruster. NASA TM X-73522,
1976.

Oglebay, J. C.: Thermal Analytic Model of a 30-cm
Engineering Model Mercury Ion Thruster. NASA T™M
X-71680, 1975.

5-5




-+ r——

.11

.12

.13

.14

.15

.16

.17

.18

Oglebay, J. C.: Comparison of Thermal Analytic Model
with Experimental Test Results for 30-centimeter-
diameter Engineering Model Mercury Ion Thruster.

NASA TM X-3541, 1977.

Mantenieks, Maris A.: Investigation of Mercury
Thruster Isolators. AIAA Paper 73-1083, October -
November 1973.

Bechtel, Robert T.: A 30cm Diameter Bombardment
Thruster with a Variable Magnetic Baffle. AIAA Paper
72-489, April 1972.

Poeschel, Robert L.; and Knauer, W.: A Variable
Magnetic Baffle for Hollow Cathode Thrusters. AIAA
Paper 70-175, January 1970.

Bechtel, R. T.; Csiky, G. A.; and Byers, D. C.:
Performance of a l5cm Diameter, Hollow-Cathode
Kaufman Thruster. NASA TM X-52376, 19068.

Bechtel, Robert T.: Component Testing of a 30cm
Dismeter Electron Bombardment Thruster. AIAA Paper
70-1100, August - September 1970.

Rawlin, V. K.; Banks, B. A.; and Byers, D. C.: De-

sign, Fabrication, and Operation of Dished Accelerator

Grids on a 30cm Ion Thruster. AIAA Paper 72-486,
April 1972,

Rawlin, Vincent K.: Performance of 30cm Ion Thrusters

with Dished Accelerator Grids. NASA TM X-2993, 1974.



.19

.20

.21

.22

.23

.24

.25

.26

Lathem, Walter C.: 1Ion Accelerator Designs for
Kaufman Thrusters. AIAA Paper 69-261, March 1969.
Danilowicz, Ronald L.; Rawlin, Vincent K.; Banks,
Bruck A.; and Wintucky, Edwin G.: Measurement of
Beam Divergence of 30-Centimeter Dished Grids. NASA
TM X-68286, 1973.

Rawlin, V. K.: Sensitivity of 30cm Mercury Bombardmert
Ion Thruster Characteristics to Accelerator Grid
Design. NASA TM-78861, 1978.

Vahrenkamp, Richard P.: Characterisitics of a 30em
Thruster Operated witl. Small Hole Accelerator Grid
Ion Optics. AIAA Paper 76-1030, November 1976.
Rawlin, V. K.; and Pawlik, E. V.: A Mcrcury Plasma-
Bridge Nzutralizer. Journal of Spacecraft and Rock-
ets, vol. 5, no. 7, 1968, pp. 814-820.

Bechtel, Robert T.: Performance of a Neutralizer
for Electron Bombardment Thruster. AIAA Paper 72-
207, January 1972.

Bechtel, R. T.: A Hollow Cathode Neutralizer for

a 30cm Diameter Bombardment Thruster. AIAA Paper
73-1052, October - November 1973.

Bechtel, R. T.: Effect of Neutralizer Position on
Accelerator Wear for a 30-Centimeter Diameter Ion

Bombardment Thruster. NASA TM X-67926, 1971.

N T PR T



.27

.28

.29

.30

.31

.32

.33

.34

HRL Ion Physics Department Staff: Thruster Endurance
Test. (Hughes Research Laboratories; NASA Contract
NAS3-15523.) NASA CR-135011, 1976.

Collett, C. R.: A 7700 Hour Endurance Test of a 30cm
Kaufman Thruster. AIAA Paper 75-366, March 1975.
Power, John L.; and Hiznay, Donna J.: Solutions for
Discharge Chamber Sputtering and Anode Deposit Spalling
in Small Mercury lon Thrusters. NASA TM X-71675, 1975.
Mantenieks, M. A.; and Rawlin, V. K.: Studies of
Internal Sputtering in a 30cm lon Thruster. NASA

TM X-71654, 1975. (AIAA Paper 75-400, March 1975.)
Collett, C. R.; and Bechtel, R. T.: An Endurance
Test of a 900 Series 30cm Engineering Model Ion
Thruster. AIAA Paper 76-1020, November 1976.
Mantenieks, Maris A.; and Rawlin, Vincent K.:
Sputtering Phenomena of Discharge Chamber Component§
in a 30cm Diameter Hg Ion Thruster. NASA TM X-735,
1976.

Mirtich, Michael J.: 1Investigation of Hollow Cathode
Performance for 30cm Thrusters. NASA TM X-68298,
1973.

Kerslake, W. R.; Byers, D. C.; Rawlin, V. K.; Jones,
S. G.; and Berkopec, F. D.: Flight and Ground Per-
formance of the SERT Il Thruster. AIAA Paper 70-
1125, August - September 1970.

5-8



.36

.37

.38

.39

.40

.41

.42

Kerslake, William R.; and Finke, Robert C.: SERT
IT Thruster Space Restart. NASA TM X-71651, 1974. ‘k\
Byers, David C.: A Review of Electron Bombardment :
Thruster Systems/Spacecraft Field and Particle Inter-

faces. NASA TM-78850, April 1978,

Reader, P. D.: An Electron-Bombardment Ion Rocket

with a Permanent Magnet. ATAA Paper 63-031, March

1963.

Kerslake, William R.: Preliminary Operation of

Oxide-Coated Brush Cathodes in Electron-Bombard-

ment Ion Thrusters. NASA TM X-1105. 1965.

Byers, David C.: Performance of Various Oxide-Mag-

azine Cathodes in Kaufman Thrusters. NASA TN D-

5074, 1969.

Kerslake, William R.: Design and Test of Porous-

Tungsten Mercury Vaporizers. AIAA Paper 72-484,

April 1972,

Kerslake, William R.; Byers, David C.; and Staggs,

Jchn F.: SERT II Experimenral Thruster System.

AIAA Paper 67-700, September 1967.

Wieberding, William C.; Lesco, Daniel J.; and

Berknpec, Frank D.:. Comparative In-Flight Thrust

Measurements of the SERT II Ion Thruster. AIAA

Papec 70-1162, August - September 1970.

5-9



.43

e

.45

.46

47

.48

.48

Byers, David C.; and Staggs, John F.: SERT II
Flight-Type Thruster System Performance. NASA TM
X-52520. 1969.

Jones, Sanford G.; Staskus, Joan V.; Byers, David
C.: Preliminary Results of SERT II Spacecraft
Potential Measurements Using Hot Wire Emissive
Probes. AIAA Paper 70-1127, August - September,
1970.

Zavesky, Ralph J.; arnd Hurst, Evert B.: Mechani-
cal Design of SERT II Thruster :'ystem. NASA TM
X-2518, 1972.

Banks, Bruce: Composite lon Accelerator Grids.
NASA TM X-52425, 1968.

Bechtel, Robert T.; Banks, Bruce A.; and Reynolds,
Thaine W.: Effect of Facility Backsputtered Mat-
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5.1.50

5.1.51

5.1.52

5.2

30cm Engineering Model Ion Thruster. AIAA Paper
76-1006, November 1976.

HRL Ion Physics Department Staff: Low Voltage 30cm

Ion Thruster Development . (Hughes Resesarch Labora-

tories; NASA Contract NAS3-16528.) NASA CR-134731,
1974,

Rawlin, Vincent K.: and Mantenieks, Mavis A.:

of Background Gases on Internal Erosion of the 30cm

Ag Ion Thruster. NASA TM-73803, 1978.

James, E.; Vetrone, R.; and Bechtel, R.: A Mission

Profile Life Test Facility. AIAA Paper 78-671,
April 1978.

Functional Requirements

1y

2)

k)

4)

5)

The 30-cm thruster is required to condition
neutral mercury propellant to provide a neutra-
lized ion beam and generate thrust.

The thruster must have sufficient flexibility of
control to operate stably at a variety of con-
ditions between the maximum and minimum power
levels.

The thruster must be capcble of throttling over
a four to one input power range.

The thruster must operate at up to 2.7 kW input
power and have specific impulse of at least 3000
seconds.

Useful lifetime of 15,000 hours is required.
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5.3.1
5.3.1.1
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Functional Description
Electrical

General

Applicable document 5.8.3 contains a general over-
view of thruster development history and operating
principles. References 5.1.1 and 5.1.2 provide a
more technical review of principles of operation.
The thruster generates thrust by ionizing the mercury
propellant in a discharge chamber and accelerating
the positively charged ions through a parallel grid
accelerator system at one end of the discharge
chamber. Electrons are injected into the positive
ion beam by a neutralizer downstream of the accel-
erator grid system to maintain overall charge and
current neutrality. The ability to neutralize ion
beams in space by this technique was demonstrated
by the SERT I flight in 1964 (see reference 5.1.3)

Basic Thruster Operation

Basic thruster operation is shown in figure 5.3.1.2-1.

Electrons emitted at the cathode travel to the
anoda. Their path is through the discharge chamber
which contains mercury vapor that vaporizer assemb-
lies have produced from the liquid mercury propel-
lant. Ionization occurs when mercury vapor atoms
lose an electron after bombardment by these ener-

getic electrons. Ionizaticn efficiency is improved

5-12
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and controlled by superposition of radial and axial
permanent magnetic fields which lengthen the tra-
Jectory path of electrons from the cathode to the
anode thereby increasing the probability of colli-
sion with the mercury atoms. Figure 5.3.1.2-2 is a

potential diagram for various thruster element-.

The discharge voltage which produces energetic
electrons is nocinally at a constant 32 V. The dis-
charge chamber is raised to the high positive screen
potential of 1100V, thereby providing the potential

energy term, eV, shown in figure 5.3.1.2-2,

Extraction of the ion beam from the plasma in the
discharge chamber is accomplished by the accelerator
grid system, sometimes referred to as the ion optics
or ion extraction system. This system consists of
two closely spaced, perforated electrodes or grids
having a parallel, spherical peometry. The grid
nearest the discharge chamber, called the screen
grid, is raised to the same high potential as the
discharge typically 1100 V. The downstream grid
called the accelerator grid is biased to a -300 V
potential to aid in beam extraction, provide focus-
ing of the ion beam, and to retard low energy elec-
trons formed outside the thruster in the beam plas..

Otherwise, these electrons wouvld be attracted by the

5-13



5.3.1.3

high positive screen potential.

The resulting plasma ion beam must eventuslly ap-
proach zero potential in order to be decoupled from
the thruster (and space vehicle) and produce thrust.
Since a small (typically 10 volts) potential differ-
ence is required to extract the neutralizing elec-
trons from the neutralizer cathode to the ion beam,
the neutralizer itself must operate a some potential
below zero potential as shown in figure 5.3.1.2-2.
This energy is actually delivered by the acreen
supply and as a rssult represents a reduction in ion
energy.

Parametric Relations

Thruster performance is generally measured in terms
of thrust, specific impulse and total efficiency.
Squations follow which relate those terms to elec-
trical parameters and propellant flow rate. Addi-

tional information is provided in reference 5.1.4.

1) Thrust is the result of rate of change of momentum

T-§ oW
vhere T 1is thrust
M is mass
V 1is velocity
T = MV + MV

5-14
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In electric thrusters, the second term is near zero.
It can be shown that M {s a function of beaa curremt
(Jp) and that V is a function of accelerating voltage
(VI)' The following ideal thrust equation can be
derived. It is ideal since it assumes that all f{ons
are singly charged and axial in directionm.
Ty = 2.0391 3, \Vp

vhere T; is ideal thrust (mN)

Jp is beam current (A)

Vy is net accelerating voltage (V)
The constant 2.0391 arises from the following re-
lation:

2.0391 = 23 x 103

vhere E.to the wmass to charge ratio for mercury
(2.079X10°% kg/coulomb)
Also, Vy =V + Vy -V,
where Vg is screen voltage (V)

Vg4 1s discharge voltage (V)

Vn 18 neutralizer floating potential (V)
Figure 5.3.1.2-2 shows these potentials.

In reality, ideal thrust is not achieved due to
existence of doubly charged ions and the fact that
the beam diverges somevhat. These factors are
determined by methods discussed in references 5.1.5

and 5.1.6. Actual thrust is expressed as follows:

5-15
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Ta=v Ty
vhere v is thrust reduction factor which varies
nearly linearly from 0.95 at 2.0A beam to 0.975 at
0.75A beam. Direct measurement of thrust has been
made by a laser interferometer technique described
in reference 5.1.7.
2) Specific impulse is the second thruster per-
formance parameter of interest here

Ta

M8
. o
where M  1is total propellant mass flow rate.

I,P

The following expression for specific impulse can
be derived:

100.08 v Jy\/Vy

$p mO

vhere m_ is propellant mass flow in “equivalent
amperaes'
m = (f) M, = 2.079%1076 ¥,
where (Eﬂis the mass to charge ratio for mercury
(kg/coulumb)
ﬁo is mass flow of mercury (kg/second)
The constant 100.08 arises from the following

relation:

100.08 = i\/-z—(s
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3) Efficiency is the third jerformance parameter of
interest. For ion thrusters, total efficiency can be
expressed as follows:

T" y2 "y nP

where n, is propellant utilization efficiency

n

"p is power efficiency

The utilization efficiency is the ratio of actual
bean current to the beam current which could ba ob-
tained 1if each propellant atom were singly ionized
and extracted. To maintain coneistent dimensions

it 1s necessary to convert mass flow rate from kilo-
grams per second to equivalent changes per second or
squivalent milliamps as described above.

Ny =

-

Fower efficiency is the ratio of electrical power
which produces thrust (via the beam) to total input

power

- Fb

np -P-:

P, =V

b~ V1

Pe =V, + VaJg + Vgdg + Py + Py + Py + Py
where Vg 18 screen voltage (V)

Jb is screen (beam) current (A)

Vg is discharge voltage (V)

Ja 1s discharge current (A)
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V, is accelerator voltage (V)
Ja 1is accelerator current (A)
P, is power required by three vaporizers (W)
P, is power required by two tip heaters and
isolator heater (W) (This term is zero
during run phase.)
P, is power required by two keepers (W)
Py 1s power required by the magnetic baffle (W)
Some simplifications lead to a convenient expression
of input power during run phase.
Let V4 = 32 volts
Jd-63b+2
VgJa is negligible
Pb=0
P, + P + Py, 19 spproximately 52 watts
Then P, = V J, + 32(6Jp, + 2) + 52

5.3.2 Mechanical
The mechanical design and construction features will
be described for the following major subassemblies:
1) Main structure
2) Discharge chamber
3) Grid system
4) 1Isolator vaporizer assemblies

5) Cathodes
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A cross section of the thruster is shown in figure
5.3.2-1. Most of the above subassemblies are shown
on this cutaway. For more detail refer to the ap-
propriate drawing numbers which are cited.

Main Structure

The loads on a thruster are carried by a cylindrical
frame structure shown in figure 5.3.2-1 and drawing
D1025324 of applicable document 5.8.1. This cylin-
drical frame consists of two annular rings supported
by 12 box-type columns. The annular rings are chan-
nel-shaped sections located both at the backplate of
the thruster and at the grid system mounting inter-
face. The rings are designed to carry loads in the
transverse direction (in the plane of the ring).
They have narrow flanges to resist twisting moments
which may occur along the gimbal axis. The flanges
also resist in-plane twisting and bending forces
which prevail duri~e vibration parallel to the
thrust axis. The box-shaped columns between these
two rings resist axial and bending forces. Each of
the two gimbal mounting brackets are attached to the

cylindrical frame chrough six insulators.

Figure 5.3.2-1 shows that the thruster backplate

supports much of the mass cf the thruster. The back-

plate supports the cathode isolator-vaporizer (ClV),

main isolator-vaporizer (MIV), propellant distribution,
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baffle assembly, and magnets during vibration par-
allel to the thrust axis. Support for the backplate
is provided by a tubular cross structure shown in
drawing E1026510 of applicable document 5.8.1.

This cross structure is attacaed to the backplate

of the thruster at the outer edges ani to the CIV
mounting flange in the center as shown in drawing
£1025353 of document 5.8.1.

To minimize thruster weight, the entire discharge
chamber, including anode, frame support assembly,
backplate, outer shell, and 3imbal mounts are made
of titanium and assembled by tungsten inert gas
(TIG) welding and spotwelding methods. The ground
screen, rear shield, and perforated outer shield

are made of aluminum alloy (type 6061) and the down-
stream mask is made of titanium,

Discharge Chamher Assembly

The prime function of the discharge-chamber assembly
of an electron-bombardment ion thruster is to ionize
the neutral propellant. The main components of

the discharge chamber assembly include the main
structure, propellant distribution syst.m, permanent
magnets, iron pole pileces. electromagnetic baffle,
an electron emitter (cathode), backplate and shield,

and an electron collector or anode as shown in
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figure 5.3.2-1.

The anode is made from 304L stainless steel wire

mesh sintered to a 304L stainless steel backing sheet.

The backplate shield is made from 304L stsinless steel

wire mesh. These mesh materials provide a rough
surface to an..or deposited material which has been
sputtered from the erosion sites within the dis-
charge chamber. Alinco magnetics are used in 12
axial and 12 radizl positions acound the sides and
backplate of the discharge chamber.

G-'d System

The grid system structure as shown in tigure
5.3.2.3-1 is a critical thruster subassembly in
terms of thruster stabilicty, efficiency and life-
time. The grid system is basically.a pair of 0.38-mm
(0.015-1in.) thick molybdenum plates perforated with
matching apertures. Screen grid holes are 1.90 mm
(0.075 in.) in diamete:r and accelerator grid holes
are 1.14 mm (0.045 in.) in diameter. These grids
must be positioned parallel to each other, with

about 0.5-mm (0.020-in.) interelectrode spacing.

The screen electrode defines the plasma boundary in
the discharge chamber, while the electric field
produced between the electrodes accelerates and

focuses a beam of positive ions from the plasma
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through each pair of screen-accelerator aperatures.

Ion thrusters with dished grids would be subject to N
significant thrust losses due to the divergence of
the ion beam if the hole pattern of screen and ac-
celerator grids were identical. This divergence 1is

a consequence of the relative displacement caused
during fabrication in the centerlines of screen grid
and accelerator apertures. A change in the aper-
ture center-to-center spacing pattern of one of the
electrodes is needed to vector the individual beam-
lets to provide paraxial trajectories downstream of
the grid svstem. A change of less than 0.5% in the
center-to-center aperture spacing is used to converge
the beam sufficiently to eliminate such thrust losses.
Such a change in spacing is called "compensation"

and will . e discussed later in section 5.2.4.1.

Isolator Vaporizer Assemblies

Three isolator vapcrizer assemblies are required to
control propellant flow by heating the liquid mer-
cury to produce mercury vapor at a rate required

by the thruster. The phase separator used between
the liquid and vapor is a sintered porous tungsten
disk electron beam welded into a tantalum tube.
Heat is supplied by a nichrome heater brazed to the

outside of the housing. Such a subassembly is called
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& vaporizer.

The vaporizer subassemblies are assembled to isolator
subassemblies so that isolator-vaporizer units are
replaceable uriits in a thruster. The isolator
function is tc¢ provide electrical isolation‘of the
vapor side of the isolator-vaporizer assembly which
is at 1100V screen potential from the liquid side
which is at ground potential. The isolator for the
CIV and MIV assemblies are shown in figures 5.3.2.4-1
and 5.3.2.4-2. The isolators are made up of a series
of stainless steel screens spaced apart with ceramics
in a ceramic tube such that the minimum Paschen
bregkdown vo'.tage for mercury vapor is not exceeded.
Screen baffles, as used in the cathode and main
isolatore, are not required in the neutralizer iso-
lator because the voltage level is low. This can

be seen in figure 5.3.2.4-3.

The locaticn of the three isolator vaporizer assem-
blies used in a thruster is shown in figure 5.3.2-1.
The CIV as shown in figure 5.3.2.4-1 is mounted on
the thruster backplate. Mercury vapor is carried
from the CIV to the main cathode via a 1/16 inch
stainless steel tube. The vapor enters the discharge
chamber through the hollow cathode which will be

discussed later.
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The MIV provides the majority of the propellant flow
to the discharge chamber. The MIV is shown in figure
5.3.2.4-2 It discharges mercury vapor intc an
annular plenum mounted to the thruster backplate.

The plenum distributes the vapor to equalize the

mercury density in the discharge chamber.

The neutralizer isolator-vaporize. (NIV) is located
in the neutralizer assembly at the outside edge of
the thruster. The mercury vapor from the NIV is
carried in a tube to the neutralizer cathode as
discussed later. The NIV is shown in figure 5.3.2.4-3.
Cathodes

Two hollow cathodes arve used in the 30-cm thruster.
The main cathode is in the discharge chamber and
another cathode is in the neutralizer. The main
cathode is located at the center of the thruster
backplate. The neutralizer cathode is located at

the tip of the NIV. The location on the thruster

of both of these cathodes is shown in figure 5 3.2-1.
A cross section of both of these cathodes is shown

in figures 5.3.2.5-1 and 5.3.2.5-2.

A cathode consists of a tungsten tip which is welded
into a tantalum tube. A heater is brazed around
the tantalum tube. Inside the tantalum tube is a

porous tungsten hollow cylinder impregnatea with
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carbonate compounds containing barium. These com-
pounds lower the work function of electron emitting
surfaces and facilitate emission at temperatures
consistent with long 1life. Section 5.3.4.1 describes
operation of the cathodes.

Thermal Description

No need for any special thermal control surfaces or
devices has been identified and none are included
on the thruster subsystem. The thermal dissipation
resulting from thruster inefficiency is radiated,
mostly through the grid structure to space. Tests
have been conducted over a wide range of thermal
environments with up to 2.5 suns solar intensity
perpendicular to the grid face on both a 400 series
(reference 5.1.8) and 700 series thruster (reference
5.1.9). Results of these tests showed only one in-
stance where control of the thruster was lost due
to a vaporizer cverheating problem. During all the
other tests, no apparent thermal problems were en-
countered and there were no indications of impact
on thruster lifetime. The major thermal difference
between the tested thrusters and the J-series is
taat the accelerator (outermost) prid as tested

was 43 percent open while the J-series grids are

24 percent open. Analysis has shown that major

components of J-series thruster run about 20° C
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warmer than the 400 and 700 series test models for
a full-power - no-sun case. The interior of the J-
serins thruster is less susceptible to solar input
than previous series due to a smaller percentage

of open area of the outermost grid.

Corresponding to the test program cited above, thermal
analytic models of the thruster were generated to
allow calculation of temperatures for the main

parts of the thruster (i.e., anode, engine body,
etc.). The results of the analysis compared to

test results are reported in reference 5.1.10 for

the 400 series tests and in reference 5.1.11 for the
700 series tests. In general, the analytical models
predicted operating thruster temperatures within 10°

C of the measured values for the main components of

the thruster.

As mentioned above, analysis was conducted simulating
a J-Series thruster. This was accomplished by
modifying the model presented in reference 5.1.11

to account for the reduced open area of the accel-
erator grids. The specific modifications along with
a sample case are presented in applicable document

5.8.4.

5-26



5.3.4
5.3.4.1

Operational Characteristics
Hardware Characteristics

The hardware required for thruster operation is
divided into four functional groups: 1) propellant
feed system, 2) ion production system, 3) ion ex-
traction system, anud 4) beam neutralization system.

1) Propellant Feed System - Propellant flow rate

is introduced at three locations on the thruster.
The bulk of the flow is introduced through the
main vaporizer and feed plenum as shown in
figure 5.3.2-1. Thia flow rate is of the same
order as the desired beam current so that a 2.0
ampere beam current requires about 2000 milliamps
flow. (Flow rates are measured in equivalent

mA with the assumption that each neutral atom
can become only a sirgly charged ion). The con-
trol of the flow rate is achieved by sensing the
beam current and varying main vaporizer heater

power to hold the beam constant.

Some mercury flow is introduced directly through
the discharge plasma-bridge hollow cathode.

This flow rate is required to form the plasma-
bridge for operation of the cathode. It is
generally maintained between 85 and 120 equiva-

lent milliamps. The control of this flow rate
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is achieved by sensing the discharge voltage
and varying the cathode vaporizer power to hold

the voltage constant.

The rest of the total flow rate is introduced
through the neutralizer cathode. This cathode
is also a plasma-bridge hollow cathode. The
flow rate is generally maintained between 30
and 50 equivalent milliamps. The control of

the neutralizer flow rate is achieved by sensing
the neutralizer keeper voltage and varying the
vaporizer heater power to kesp the voltage con-

stant.

All three vaporizers are functionally the same.

A porous tungsten plug is welded into the mercury
feed system to act as a phase separator. The
liquid mercury immediately behind the plug is
heated by a nichrome heater winding. The actual
vapor flow through the porous tungsten plug is

a function of the mercury vapor pressure and

the plug geometry. Thus an increase in heater

power will increase the vapor flow rate.

Each vaporizer is designed to operate in the 270°
to 320°C range to produce the required flow

rates. The range of flow rates at a given
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temperature for different vaporizers i{s con-
trolled by proper selection of the porous tungs-

ten density and areas.

Each vaporizer requires its own dedicated power

supply in the baseline design.

The propellant feed system incorporates mercury
vapcr electrical {solators as part of each
vaporizer subassembly as shown in figure 5.3.2-1.
These permit each vaporizer to operate at ground
potential and ure the liquid mercury supplied
from storage tanks at ground potential. It

also permits several thrusters on the same
spacecraft to use a single storage and feed

system.

The isolators (reference 5.1.12) involve cas-
cading several sections, each of which is capable
of withstanding a certain fraction of the total
voltage. In each section, dimensions are sel-
ected to insure that the voltage drop across the
section is less than the Paschen breakdown
minimum for mercury vapor. The main and cathode
vaporizer isolators are required to stand off

the entire beam voltage of up to 1100 V plus

margin. The neutralizer vaporizer isolator is
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required to stand off only the neutralizer
floating potential and therefore is designed

for 100 V.

Ion Production System - The mercury ions are

formed by electron-bombardment inside the dis-
charge chamber. The discharge power supply is
operated in a constant current mode. Coarse
control of the discharge volt-ampere character-
istic is achieved by a solid baffle located
downstream of the discharge cathode and shown

in figure 5.3.2-1. Fine contrcl of the discharge
voltage is maintained at a constant 32 volts

by varying the propellant flow rate introduced
through the cathode while the discharge current
operating set point is selected based on the ion
production rate required to provide the beam
current desired. In order to increase the ion
production efficiency a permanent magnetic

field is imposed on the discharge which causes
the electrons to spiral out to the anode thereby
increasing their length of travel and increasing
the probabilitv of an ionizing collision.
Further an electromagnetic field is superimposed
on the permanent magnetic field in a critical

field cegion. Location of this magnetic field
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coil is shown in figure 5.3.2-1. This field
further improves the ion prodiation efficiency
and also serves to control the cathode to anode
electrical impedance. Thus the electromagnetic
field can be used to shift the discharge volt-
ampere characteristic ani voltage-propellant
flow rate characteristics to provide optimum
control and stability. This becomes useful
vhen throttling over a 4:1 power ratio. Since
this electromagnet serves to control the elec-
tron flow it is referred to as the magnetic
baffle. ULetailed discussions of the effects of
discharge chamber physical and magnetic geo-
metries on thruster performance can be found in

Teferences 5.1.4, 5.1.13 and 5.1.14.

The electron source for the discherge is a
plasma-bridge hollow cathode described in
Section 5.3.2.5. The hollow cathode concept is
required in the ion thruster to provide electron
emission more efficiently than thermionic emis-
sion alone could provide for required lifetimes.
A configuration is needed which shields the
enigssive surface from direct ion bombardment
which would deplete the emissive surface at a

rapid racte.
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The emitting mechanism within the hollow cathode
is not completely understooc. However, it is
clear that field enhanced thermionic emission
(Schottky emission) is a predominate mechanism.
Mercury vapor from the CIV flows through the
hollow cathode which is emitting electrons from
the high temperature emissive material. Elec-
tron bombardment of the vapor produces a high
density, low potential plasma inside the cylin-
drical cavity. Plasma conditions are such that
although the voltage drop from the plasma to the
cavity walls {s small, the distance is also very
small. High field strengths therefore exist at
the surface of the hollow cavity. Field enhanced
thermionic emission occurs at temperatures that

permit long life operation.

This hollow cathode concept was first used on
bombardment thrusters on the SERT II thruster
(reference 5.1.15)., Because the external power
supply is overated in 2 constant current mode,
the plasma sheaths will continuously rearrange
themselves to form the necessary impedance
"bridge" between the cathode and the external
main discharge (reference 5.1.16)., These sheaths

will actually assume dimensions to maintain a
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space charge limited situation. Because the
hollow cathode requires the plasma to essentially
provide space-charge limited distances, ignition
of the discharge without some auxiliary means is
extremely difficult. This is due to the rela-
tively low field strengths resulting from the
large cathode to anode dimensions. To alleviate
this problem, a keeper electrode is placed 0.060
inches downstream of the cathode. This elec-
trode is raised to 400 volts open circuit voltage.
Discharge ignition can then be achieved by heating
the cathode and low work function material to ap-
proximately 1000°C, introducing about 100 equiva-
lent milliamps of mercury flow. and applying the
starting voltage to the keeper electrode. The
keeper supply is designed to rapidly decrease
voltage as the current increases until the final

operating voltage of 5 to 10 volts is attained.

Operation of the discharge requires four indi-
vidual power supplies: the discharge supply,

the keeper supply, a magnetic baffle supply, and
a cathode tip heater supply.

lon Extraction System - Once the ions are formed,
they are extracted and accelerated from the

discharge into an ifon beam by the ion extraction
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system (refs. 5.1.17 and 5.1.18). This system
is also referred to as an accelerator grid or \
an ion optics system. It consists of two perfor-
ated, dished electrodes which are maintained

at a spacing of 0.50 to 0.75 mm (0.020 to 0.030
in.). The screen electrode has 1.9-mm (0.075
in.) diameter holes and is biased positively and
forms one boundary of the discharge chambar.

The accelerator electrode has 1l.14-mm (0.045-1in.)
dismeter holes and is maintained at a negative
potential of -300 volts. Ions are extracted

from the discharge plasma through each hole

in the screen and accelerated through the match-
ing holes in the accelerator to form ion beamlets
as depicted in figure 5.3.4.1-1. Proper focus-
ing of the ions is required to prevent them

from striking the accelerator electrode. The
factors which affect focusing are the relative
values‘of the electrode voltages, gap to hole
diameter ratio, alignment, and ion current
through the extraction system (ref. 5.1.19).

If too much current is forced on the grid system,
a space charge condition will occur which will
defocus the ion beamlet and cause direct impinge-

ment on the accelerator.
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In practice, the hole pattern on the screen grid
is intentionally misaligned (reference 2.1l.20).
The degree of misalignment is greater at the
periphery where the curvature of the electrodes
makes the bgamlet diverge from the thruster axis.
This divergence represents a thrust loss. The
intentional misalignment distorts the electric
field to curve the beamlet back to a direction
parallel to the thruster axis and thereby re-

covering the thrust.

One important electrode parameter which signifi-
cantly affects performance and discharge voltage
1s the accelerator hole diameter As will be
seen later, the discharge voltage strongly
affects thruster lifetime. Thus the p-esent
accelerator design incorporates a small hole
accelerator grid. This design is discussed in
detail in references 5.1.21 and 5.1.22.

Beam Neutralization System - The ion beam which
is extracted from the discharge chamher mnust be
neutralized. If charge neutrality is not
achieved, a space-charge condition will vesult
which will cause ions to return to the acceler-

ator electrode to achieve neutralization. In
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practice neutralization is accomplished by the
screen supply. A small fraction of the screen
energy is used to inject the excess electrons
resulting from ionization, originally collected
at the discharge anode, back into the ion beam.
The neutralizer is also a plasma-bridge hollow
cathode and operates in the same manner as

the main discharge cathode described previously
(references 5.1.23 through 5.1.25). The neutral-
izer also requires a tip heater supply and a

keeper supply.

A primary beam ion has sufficient energy to, if
properly focused, overcome the attraction of
the negatively biased accelerator. The vast
majority of these high energy ions continue on
in the beam to provide thrust. However, a few
ions undergo a charge-exchange collision. This
results in a high energy neutral and low energy
ion which is attracted back to the accelerator
electrode as impingement current. The level of
this current increases as either the ion current
and/or the neutral density increase. Thus high
neutralizer propellant flow rates and/or poor
utilization of main propellant flow rates will

result in high accelerator currents which can
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be focused on a small portion of the accelerator
electrode. This led to significant erosion on
the SERT II thruster. However. proper location
of the neutralizer re.ative to the accelerator
electrode has reduced neutralizer caused accel-

erator erosion to acceptable levels (ref. 5.1.26)

Software Characteristics

Thruster operation consists of static or steady

state «peration and dyuamic operation which includes

startup, throttling, off-normal correction, and

shutdown. This section defines the sequence of

events and algorithms used to operate thrusters.

Section 11.0 on thraster controller describes how

these procedures have been implemented in software.

L

Steady State Operation - A steady state operating

point is obtained by setting each of the elec-
trical operating parameters and the three vapor-
izer proportional controller references. The
principal parameters to be varied are the screen
voltage and beam current since these define the
thrust and specific impulse. As discussed in
reference 5.1.4, the screea voltage operating
envelope is between 600 and 1100 V. The maximum
beam current is 2.0 A. The minimum oseam current

is 0.75 A. For minimum power at 1100 V, the
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minimum beam current is 0.46 A. Although opera-
tion at low beam currents is possible., operational
preferences limit minimum beams to the 0.75 A
level. At very low power levels, the discharge
losses are low enough that thermal feedback {is
insufficient to keep isolators and feed system
elements warm without adding heaters or pur-
posely making the discharge inefficient to in-
crease losses (dissipation). Also, at very low
power levels the discharge is "noisy" and the
ability of the power supply system to quench
arcs and reestablish a beam is marginal. Opera-

tion above 0.75 A eliminates these considerations.

In establishing thruster operation procecdures,
some attention was paid to the ''programability"
of the resulting algorithms. The largest factor
in an accounting of thruster power is the beam
power which produces useful thrust. The next
largest factor is the discharge power loss. It
is useful to express discharge operating condi-
tions as a simple function of beam conditions.
It was decided that the discharge voltage ref-
erence should be hald at a constant 32 volts
for long life operation. The discharge current

(anode current ) Jd is related to the beam
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current Jb by the following relationship:

Jg = 6Jp + 2
Variations in Jq result in only second order
effects on performance. Using this relationship
and other approximations discussed in Section
5.3.1.3 and reference 5.1.%, it is possible to
express total power as a function of screen volt-
age and beam current only. Any point within the
solid envelope of figure 5.3.4.2-1 is considered
an acceptable steady state operating point.
This envelope is defined by the lines of Jpy=0.75
and Jp = 2.0 A and V . nen = 1100 and 600 V. XNote
that the high beam current low screen voltage
corner of the envelope is cut-off. This line
represents the practical maximum beam current for
which an ion extraction system can be designed t¢
extract a beam as a function of screen voltage.
Note also extension of the envelope below Jp=0.75 A
i1s possible. but is not irmediately available with-
out further refinement of operating algorithms.

Dynamic Operation - There are many procedures

and sequeqces which will result in thruster
startup and operation. The procedures described

in the following sectisus have been selucted as
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"baseline” procedures for J-series thrusters

and have been comnitted to software for computer
control. Baselining algorithms was necessary

to allow programming and orderly evaluation and
refinement to occur. Because the evaluation
process is a lengthy one, changes are not made
unless needed. The following sections then are
quite specific with regard to thruster operation
but it must be pointed out that changes are
possible in many areas if applications require
them.

Startup - The baseline thruster startup algorithm
is shown in figure 5.3.4.2-2a and b. It con-
sists of four phases: Preheat High, Preheat
Low, Ignition Heat, and Run. A brief descrip-

tion of each phase follows:

The "Preheat-High'" phase provides initial heating
of main and neutralizer cathodes and main and
cathode isolators and feed system prior to
startup. The isolator heater power is provided
by the discharge supply through the isolator
relay. The total isolator heater power is
typically 120 watts and is intended to raise

feed system temperatures close to those needed

prior to initiating propellant flow in a rela-
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tively short period of time. This thase is
maintained for 18 minutes unless the thruster
off time is less than about four hours, in which

case the "Preheat-High" time is shortened.

The "Preheat-Low" phase continues c;%hode and
feed system heating prior to turning on propel-
lant flow. However the isolator heater power
is reduced by a factor of two to slow the rate
of temperature increase This increases the
probability of temperatures remaining within
the desired temperature window when main pro-
pellant flows are initiated. This phase lasts

for 17 minutes.

Further, since the neutralizer feed system ther-
mal mass is low, neutralizer tip heater power
is sufficient to provide adequate neutralizer
temperatures in relatively short times. Thus
the neutralizer viaporizer is turned on at the
beginning of 'Preheat-Low" phase. The vaporizer
supplv is maintained in closed-loop proportional

control at all times

During the "Ignition-Heat' phase, the isolator
heater power is turned off and the isolator re-

lay again opened such that the discharge supply
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is in normal operation. The cathode vaporizer
is turned on in closed loop control and the
main discharge is established. This phase lasts
for 8 minutes. During this phase, the main
vaporizer is off and its temperature is uncon-
trolled. The main vaporizer flow rate is crici-
cal for a good startup. The main vaporizer
temperature should generally be 0 to 10° C

above the 0.75 A operating temperature of the
vaporizer and will cool off by about 10° C in

the 8 minutes of this phase.

At the end of this phase., a final check of
neutralizer and discharge ignition should be
made. If either is not 1lit, then the algorithm
should retreat to the beginning of the 'Preheat-
Low'" phase for a second pass through ''Preheat
Low" and "Ignition Heat". If this final check
is negative the second time, the startup should
be terminated and the thruster allowed to cool
down before any restart attempts. This is shown

in the flow diagram of figure 5.3.4.2-2a.

The "Run'' phase involves the turn on of the
screen and accelerator high voltages and extrac-

ticn of the ion beam.
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If low mode or excessivs arcing results, the
sppropriste off-normal algorithms shown in
figure 5.3.4.2-3 or 5.3.4.4 should be employed.
If the discharge goes out the algorithm should
retreat to the teginning of the "Preheat-Low'"
phase as above.

Throttling - Throttling is changing from one
steady state operating point to another during
the run phase. Throttling must be done in a
prescribed manner to maintain control during
the transition and to prevent off-normal condi-
tions. This is achieved by observing proper
sequeucing and timing of set point changes to
allow for thermal lags in the system response.
Only five operating points need be changed for
throttle. They are 1) the beam current refer-
ence, 2) discharge current, 3) magnetic baffle
current, 4) screen voltage, and 5) neutralizer
keeper voltage reference. All other set points
are fixed during the run phase. A general
discussion of throttling is presented in ref-
erence 5.1.4. Since operation at too low a
discharge-to-beam current ratio results in low
mode, changes in the above parameters should

be made in order 1 to 5 when throttling dowm
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and in reverse order vhen throttling up. The
abnormal operating conditions are described in

detail in a later section.

Changes during throttling should not be made in
greater than 0.1 A beam current increments or
100 V screen voltage increments. Changes should
be made at 30 secord or greater intervals to

provide adequate time for proportionsl control

loops to respond and temperatures to equilibrate.

Consideration of mission parameters dictates

the selection of a throttling profile. For
example, the ideal specific impulse (see Section
5.3.1.3) is a function c¢nly of screen voltage.

The line on figure 5.3.4.2-1 corresponding to

1100 V screen voltage represents an ideal specific

impulse of 3350 sec. Likewise, screen voltage
of 90C V corresponds to 3035 sec and screen
voliage of 600 V corresponds to 2490 sec. The
ideal thrust is a function of both beam current
and screen voltage. Two typical constant ideal
thrust lines for 65 and 75 millinewtons are
shown in the figure. A throttling profile near
the top of the envelope will provide a high

specific impulse as the expense of thrust, while
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moving along a line of constant power towards
the lower half of the envelope will increase

thrust at the expense of specific impulse.

Throttling has been demonstrated for the three
profiles of figure 5.3.4 2-1 as well as for
constant voltage lines of 1100, 900, 800, 700,

and 600 V within the envelope and lines of con-
stant beam current equal to 0.75, 1.0, 1.3, 1.6,
and 2.0 A within the envelope. Therefore., it is
possible by combining various profiles to generate
virtually any throttling profile within the en-

velope which mission considerations might dictate.

A "standard” throttling profile for the 30 cm
thruster is the linear screen voltage-beam cur-
rent relation shown in figure 5.3.4.2-1.

v, = 400 Ip + 300

This so-called "standard" was adopted as it was
simplest to code and it fulfilled the require-
ment to throttle over a 4:1 power range. It

need not be adhered to ripidly if there is ad-
vantage to the mission by throttling over another

prnfile within the bounds described above.

Specific values of magnetic baffle current and
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neutralizer keeper voltage as a function of

beam current are determined for each thruster
during the thruster acceptance test.

Off-Normal Correction - The two most common
off-normal conditions are low mode and excessive
high voltage arcing. These usually result from
improper throttling o~ start-up or other pertur-
bation. Low mode is a condition resulting from
excessive main propellant flow. The high density
of neutral mercury atoms change the characteris-
tic of the discharge such that the becam actually
decreases with further increases in flow rate.
This causes loss of control since the proportional
control loop continually attempts to increase

beam current by increasing vaporizer flow and

that only succeeds in driving the main flow

rate to the limit determined by thermal equilib-
rium of the feed system. Since this condition
results in very low utilization efficiency, it

is accompanied by a high accelerator impingement
current. Correction of this condition is accomp-
lished by turning off the main vaporizer until
control of propellant flow is reestablished

as shown in figure 5.3.4.2-3. 1Increasing the

discharge voltage set point serves to increase
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stabilicty of control loops a:d hastens the
ionization and extraction of the excess neutrals

in the discharge chamber.

Excessive high voltage arcing is also generally
caused by excessive flow. The correction of this
condition is to turn off the high voitage and
main vaporizer until neutral densities are
sufficiently reduced. This algorithm is shown

in figure 5.3.4.2-4.

It should be noted that proper timing and checks
must be added to these algorithms to insure that
operation is not trapped in a continuous loop

if the algorithm should fail.

Shutdown - Shutdown of the thruster is accomp-
lished by merely throttling down to the lowest
point on the throttling profile and turning

off all power supplies.

Thruster Lifetime

Thruster life limiting factors can be discussed on

the basis of two types of areas within the discharge

chamber. First are erosion sites where sputter

phenomena remove material and cause wearout. The

second consideration is denmosition sites where the

sputtered material is deposited at a rate exceeding
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the sputter rate for that site. Sputter erosion of
various discharge chamber surfaces is discussed in ref-
erences 5.1.27 and 5.1.28. The most critical of these
surfaces is the discharge side of the screen elec-
trode since it is thin to begin with and its geometry
effects ion extraction performance. Deposition

sites are also of concern since sputtering of erosion
sites results in thin deposited metallic films on
non-sputtered surfaces. Thess films build to a
thickness where they begin to peal off or spall
(references 5.1.27 through 5.1.30). The resulting
flakes are then free to move about within the dis-

charge chamber and cause electrical shorting.

These phenomena were noted in the 10,000 hour life
test described in reference 5.1.27. Short and long
term testing (references 5.1.29, 5.1.31, and 5.1.32)
indicated covering of deposition surfaces with

wire mesh to be an effective preventive of deposition
spalling. This wire mesh provides a rough surface
for deposited material to lock into as it builds up.
These results primarily influenced the physical

design of the discharge chamber components.

The primary factors that influence sputter rates

were found to be beam current (ion density) and
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discharge voltage (ion energy).

The beam current operating point is obviously dic-
tated by mission requirements, however selection

of the 32 volt operating point for the discharge
voltage is dictated primarily by sputter erosion
rates. Since lower voltages result in lower sputter
rates, the lowest discharge voltage consistent with

performance requirements was chosen.

Results of both component and thruster testing for
both 30 cm and SERT Il systems indicate that other
factors such as cathode emissive mix depletion,
accelerator electrode erosion, and so forth, are

not critical life-limiting factors. (See refs. 5.1.27,
5.1.31, 5.1.33 through 5.1.35).

Interface Definiction

Electrical

The electrical interface between the thruster and
the power processor outputs is the wiring harness.
This harness grouped in two bundles, attached to
the thruster, is shown in figure 5.4.1-1a and the
accompanying wire list of figure 5 4.1-1b. The
wires are terminated at the power processor end
with locop type crimp-on connectors designed to

fit over a #10 screw type terminal
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The wire list also shows three Chromel-Alumel (type
K) thermocouples included in the harness. It is
intended that these vaporizer thermocouples be

used only for ground testing and would be suitably
terminated without thruster disassembly and would

not be used for flight.

An inrerconnection drawing of the thruster/power
procescor is shown ir figure 5.4.1-2. That figure
includes an isolator heater supply (PS-4). 1In
reality that supply is not usec in the baseline
algorithms described in section 5.3.4.2. The dis-
charge supply is used to provide isolator heat.
Mechanical

Mechanical interface details and outline dimensions
of the thruster are shown in figure 5.4.2-1. It
shows that the thruster is supported at four loca-
tions. Two mounting points are located 180° apart
on the thruster sides. These are referred to as
gimbal mounting pads. The two remaining points are
located on the backside of the thruster on the
ground screen. (For the gimbal side see section

7.4.2),

The standard electrical harness for the thrPster

is contained in two bundles 12 feet long located as

shown in figures 5.4.2-1 and 5.4 1-la. That standard
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length of cable is adequate to reach the power pro-

cessor terminations in the BIMOD configuration.

The mercury feed line connection is located on the
backside of the thruster ground screen as shown in
figures 5 4 .2-1 and 5.4.1-1la. (For mercury feed line
side see section 1.3 4.2.) The feed-line can be
connected to the thruster without removing the
ground screen. Either of twc different mainfolds
can be mounted to the thruster. The type intended
for flight has a single mercury reed tube. The

type used for preliminary thruster testing has sep-
arate fced tubes for each of the three vaporizers so
that individual flow rates can be measured.

Thermal

The thermal interfaces of the thrusters consist of
an insulation blanket placed between the radiators
behind the thrusters, the mounting of the thrusters
with the structure, adjacent thrusters, and the

space environment.

A simplified heat balance for a thruster and its

interfaces is shown in figure 5.4.3-1.

Past analyses assume that the heat transfer through
the insulation blanket is zero as shown in the

sketch and thar the heat conducted through the
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supports (Q.) is zero.

The solution of the heat balance dependis on many
variahles such as view factors, optical properties,
radiating area, etc. Analytical results have been
generated for a thruster operating at full-power
(i e., 2 amp beam current). These results can be

found in applicable document 5.8.5

The insulation blanket temperature varies from -87°
C to 409° C depending on the solar flux, blanket
spacing, and the optical properties of the blanket.
Although no: presented in the results, the temper-
ature of the main body o’ the thruster (designated
thruster bodv in sketch) varies from 198° C to 323°
C depending on the solar flux, blanket spacing, and
the optical properties of the blanket.

Thruster Induced Environment

An interface area exists between propulsion device
effluents and other space vehicle svstems. The par-
ticle and field efflux from ion thrusters and its
impact on space vehicle systems has been the sub-
ject of manv studies and publications Reference
5.1.36 identifies manv of the publications in this
ar-a and classifies therm with regard to analytical

or experimental twpe, ground or space location.
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thruster size and propellant.

Thruster efflux can be classified in the following
five categories: 1) Nonpropellant particles which
are primarily sputtered metal - most of which travels
in straight lines from sputter sites. 2) Neutral
propellant particles which are emitted at low energy
from the thruster and also travel in straight lines
from the thruster. Occasionally a high energy
neutral particle will be produced by a collision of
a2 low energy neutral propellant atom with a high
energy beam ion. 3) Beam ions which are highly
energetic and travel straight away from the thruster
after being accelerated by the ion optics from the
discharge chamber plasma. 4) Low energy plasma
which is produced by charge exchange reactions of

the high energy beam ions and the neutral propellant.
Unlike the previously mentioned particles, the
trajectories of the low energy plasma particles

are strongly affected by local electromagnetic
fields. 35) Field effluxes which are the static and
dynamic magnetic fields of the thruster and elecrro-

magnetic fields from optical to very low frequencies.

The thruster efflux identified above has potentrial

to affect many spacecraft systems such as solar
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arrays, thermal control, optical sensors, communica-
tions. science instruments, structures and materials
and space vehicle potrential control All of these
considerations are summarized more completely in
reference 5.1.36. A major emphasis of the BIMOD

test program is tc characterize and assess the im-
pact of effluents from a single and multiple thruster
arravs. Multiple thruster testing is important since
efflux from ''n" thrusters i= not in many cases

vimply the superposition of "n" single-thruster
effluxes.

Performance Description

Thruste: performance can be totally described in
terms of thrust, specific impulse, and total thrust
efficiency, as a function of thruster input power.
The exact values of these parameters depends on

the specific operating points chosen in the operating
envelope of figure 5.3.4.2-1. If the beam is operated
at the maximum voltage at the expense of beam current
for a given input powe., the specific impulse will

be maximized, but the thrust will be minimized.
Operating at the maximum beam current to screen
voltage ratio (as determined by the ion extraction
system performance) will maximize the thrust to power

ratio, but minimize the specific impulse.
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At high beam currents, the power efficiency repre-
sents a larger loss than the propellant utilization
efficiency. However, the utilization decreases more
rapidly witk beam current at the lower beam current
values and beccmes the predominant factor in total

efficiency.

However, in general, the actual difference in any
of these parameters over che entire range of input
power is less than 10 percent. Any operating point
within the envelope of figure 5.3.4.2-1 is consid-
ered an acceptable steady state operating point.
Therefore, constant voltage and constant beam cur-
rent throttling profile between the 2700 and 710
watt lines are acceptable operating profiles. This
affords a great deal of flexibility in mission pro-

file selection.

The performance curves for the linear profile shown
in figure 5.3.4.2-1 are shown in figure 5.5-1.
These curves represent serial number J-1 thruster
data and show improved performance over the data

of reference 5.1.4. This is due to the improved

extraction system design. A first order approxi-

mation of the effect of throttling profile on thruster

performance can be made using the combined data of
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figure 5.5-1 and reference 5.1.4.

Physical Characteristics and Constraints

L

2)

3

4)

Mass - The thruster mass as measured on thruster '
J-4 is 10.37 kg (22.8 1b). That mass includes
1.45 kg (3.2 1b) of cable.

Power - Input power required from the power
processor is 710 to 2700 watts depending on
operating poirt. Section 5.3.4.2 contains a
discussion of how power level varies with throt-
tle point.

Volume - Thruster volume is 26,130 cubic centi-
meters (1595 cu in.) based upon the outline
dimensions of figure 5.4.2-1.

Environment - Vibration environmental requirements
for the thruster are contained in applicable
document 5.8.6. Thermal environmental limics

are as follows Temperatures are defined as

bulk temperature of main structure baseplate.

a) Nonoperating Survival (dry) - Ultimate

temperatures have not been determined.

b) Nonoperating Survival (with mercury in lines) -

Reference 5.1.9 documents successful thruster

operation after cold soak to -90° ¢.

High temperature limits have not been determired

but would be in excess of operating values below.
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Feed line temperature must not be raised if che
feed line valve has been closed with mercury in
the line.

c) Operating Range - Thruster operation is pos-

sible above -39° C - the freezing point of mercury.

High temperature (without application of heater
power) should be limited to +250° C so vaporizer
heater control is maintained.

5) Packaging - No unusual packaging requirements
exist.

Development History

The development of the electron bombariment mercury
ion thruster is well documented in the literature
Figure 5.7-1 shows pictorially the development
history at NASA-LeRC. Tests of a 10 em thruster
were conducted by Kaufman (ref. 5.1.2) as earlv 1s
1959. These firet lab thrusters utilized simple
solenoidal electromagnetic fields, hot wire filament
cathodes and neutralizers, and "steam' operated
propellant systems that were 'boilers' in the truest
sense. Since the primary concern regarding

electric propulsion in the early days was the ability
to effectively neutralize an ion beam in space, the
first efrorts were directed towards developing a

flight thruster for use on the SERT I spacecraft
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(figure 5.7.1 and reference 5.1.3).

Parallel efforts were being conducted to improve
thruster and system performance, lifetime, and weight
by use of permanent magnetic fields (ref. 5.1.37),
oxide coated cathodes (refs. 5.1.38 and 5.1.39) and
electrically controlled, variable flow porous tungs-
ten propellant vaporizers (ref. 5.1.40). These
efforts made possivle the SERT 11 mission. intended
to demonstrate extended operation of mercury ion
thrusters in space (refs. 5.1.34, 5.1.35, and 5.1.41
through $.1.45). Parametric investigations of dis-
charge chamber and permanent magnetic fie'd variations
eventually increased thruster efficiencies. The use
of the plasma bridge hnllow cathode neutralizer im-
proved neutralization efficiency and lifetime (refs.
5.1.23 through 5.1.25) Theo adaption of this type
cathode to the main discharge further enhanced life-
time and, since chemica’ contamination and absorption
was not nearly as critical as with the oxide coated
cathode, greatly simplified ground testing, handling,
and storage. With the exception of the ion extrac-
tion system, the SERT II thruster represents the
summation of various technologies which are still

in use on the 30-cm thruster today.
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The SERT Il spacecraft contained two thrusters. The
first thruster operated for a totai of 2000 hours
before a grid-to-grid short apparently terminated
ics test. The second thruster operated for 3800
hours, compared to the miasion goal 4300 hours be-
fore the same type failure occurred. These shorts
were attributed to extensive localized ion erosion
of the accelerator electrode in the area of the
neutralizer location (ref. 5.1.35). This problem
was subsequently addressed in the SERT II and the
30-cm thrusters with the resulting repositioning of
the neutralizer further away from and directed more
downstream from the accelerator (ref. 5.1.26)., This

modification has eliminated this life limiring factor.

After the shutdown of the SERT II thrusters, the
spacecraft continued to orbit for several years with
a portion of each 90 minute orbit in the earth's
shadow. 1In 1973, the spacecraft was repowered and
the discharges of both thrusters re-lit (ref. 5.1.35).
One thruster also has successfully produced an ion
beam. Tests with the SERT II spacecraft are

continuing.

Even before the launch or SERT II in 1970, research

into higher thrust to power systems was underway,
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Since this goal requi ;es a lower beam voltage and
higher beam current, nitiai omphasis wvas placed on
improving the ion extraction system using the same
analytical techniques which were perfected during
the SERT II program (ref. 5.1.19). One concept
involved the use of a single composite, glass-coated
grid, but this design proved to be dependent on
sputtered material from the test facility and was
abandoned (ref. 5 1.46 and 5.1.47). Eventually, a
technique of hydroforming the grids and rhen chemic-
ally etching the apertures proved to provide excel-
lent mechanical integrity under the thermal load

of the discharge at span to gap ratios of about
600-to-1 along with good beam extraction performance

(ref. 5.1.17 and 5.1.18)

At the same noint in time, the Hughes Research Labs

of Malibu, CA were contracted to perform plasma

stuiies of mercury bombardment thrusters (ref. 5.1.48).
From 196/ through 1973 the status of the 30-cm thruster
was one of continued redesign in order to improve
performance, lifetime, and vibration capabilities

(ref. 5.1.49). By 1973 however, the thruster design
had taken shape in the form of the 700 series thruster.
Thruster S/N 701 was committed to a 10,000-tour life
test (ref. 5.1.27 and 5.1.28) and thruster S/N 702
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was vibrated (ref. 5.1.50). The vibration test
resulted in the need for slight structural modifi-
cations resulting in the 800 series thruster. Sub-
sequent 10 000-hour life test results indicated
internal sputtering to be the primary life limiting
factor Extensive testing at Lewis identified and
verified modifications for these problems and led to
the evaluation of the 900 series thruster. This

thruster was committed to life test (ref. 5.1.31).

The test was terminated after 4200 hours due to an
electrical harness short. When the thruster was
removed from the vacuum facility to modify the harness,
diagnostic measurements of thruster wear areas were
made. Screen grid erosion was more than predicted

and the required 15 000-hour lifetime could not be

met.

After intensive investigation. the reason for the
erroneous prediction of wear rate was discovered.
Pretest wear rates were determined in a LeRC vacuum
facility at the equivalent of 2%10_6 torr. It was
discovered that sputter phenomena (thus wear rate)
are a function of tank pressure and background gases.
At higher pressures, oxides and nitrides of the

base metal were being sputtered rather than the base
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metal molybdenum itself. This penomena is documented

in reference 5.1.51.

It was known from previous technology work that re-
ducing the size of the holes in the accelerator

grid would permit operating the thruster at lower
discharge voltage to reduce screen grid erosion with-
out loss of performance. That was the major change
involved in moving from 900 to J-series identifica-
tion although several minor charges to simplify
fabricar’on were made at the same time. A thruster
design review was conducted by Hughes Research Labs

in February 1978 under Lewis Contract.

One J-series thruster (J1) is currently in long
term test at Xerox EOS (ref. 5.1.52) under Lewis
contract. This test is a thruster design verifica-
tion test scheduled for completion in July 1979.
Subsequent J-series thrusters (J2 through J8) will
be sent to the Xerox EOS facility and to the Hughes
life test facility where they will be evaluated.
Twe J-thrusters will be included in the BIMOD test
program. Both of the contracted test facilities
mentioned have frozen mercury target facilities to
minimize the effect of back sputtered facility mater-

jal. A description of the BIMOD test program is
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included in section 4.0,

As the thruster hardwace configuration became estab-
lished, fabrication and test phases began. Increased
emphasis was placed on integrating the thruster with
the power processors and defining necessary ccatrol
algorithms. 1In 1977, these compunents were combined
with a control computer to provide a total system

for test. From these tests has evolved a total sSvs~
tem control package which is currently being tes:ed
at the Xerox EOS facility and will form the basis of
contrnl methods for flight use.

Applicable Documents Enclosed

Trruster Parts List. (Hughes Research Laboratory.)
Fabrication, Assembly and Test Procedures 37 (IPD's)
for 30cm Thrusters.

Ion Propulsion for Spacecraft. NASA Lewis Research
Center, 1977.

Modifications of the 30cm Thruster Thermal Model to
Account for 'Shag'' grids (J-Series Thruster), NASA
Lewis Research Center Internal Memorandum, April 1979,
Oglebav, Jon C.: Thernal Analysis of 30cm Ion Thruster,
NASA Lewis Research Center Internal Memorandum, March
1978.

Test Requirements Document for J-Series Thruster.
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Ground Support Equipment

Electrical Simulator

The electrical simulator is an array of resistors

s

sized to handle the power requirements of a thruster.
Resistances which are fixed on a thruster can be
simulared by fixed re.-istors or by variable resis-
tance potentiometers. The potentiometers can be
useful for documenting power supply characteristics.
The discharge and beam supply loads usually require
variable loads simulated by discrete resistors which
can be switched-in sequentially or high power carbon
pile potentiometers. A schematic of a typical
electrical simulator is shown in figure 5.9.1-1.

Shipping Container

Recent 30 cm thrusters have been shipped in standard
wooden shipping containers. No special design effort
was made a.ad no container documentation exists.

Serious consideration should be given to permanent
containers for shipping and storage of flight hardware.

Dynamic Mass Model

Two mass models of the thruster can be seen in figure
5.9.3-1. The mass model thruster is fabricated from
aluminum. It is only a weight mass simulation, t.e
moments of inertia nor the dynamic response of the

thruster were not simulated. The major elements
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of the mass model were placed as lumped mass to
closely simulate the inertias. The thruster is
primarily of sheet metal construction, and it was
impossible to simulate the dynamic responre. 1In
sheet metal construction, the masses are low and do
not couple any significant loads to the gimbal or
structure. The thruster gimbal mounting pads are
identical to the actual thruster, and the two stand-
offs that mount the bottom of the thruster to the
giibal mounting frame were simulated.

Cround Power Supplv Systems

There are presently four different des ins of power
processors used to support thruster testing. Thev
are 1) the two inverter thermal vacuum breadboard
(TVBB). 2) the three inverter technology breadboard.
3) the electrical prototvpe power processor (EP/PPU).
and 4) the lab power unit (LPU). All are capable of
operating the present 'J" series thruster. The first
three power supplies are precursor breadboaids to

the Functional Model Power Processor (FM/PPU) and use
SCR series resonant inverters for the main power
stages. The TVBB and three inverter power processors
each have manual control panels, but have the capa-
bilicy of pre-selection of all set points rzcuired

for each phase of thruster start-up. They also have
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pre-setable set points for up to 15 different thruster
throttle operating points (see section 5.3.4.2).

These two units have accrued well over 20 000 hours

of thruster operation. The EP/PPU incorporates the
same electrical design as the FM/PPU and is operable
by either a manual input panel, or directly from a

computer.

The LPU is functionally equivalent to the FM/PPU,

but houred in four stardard equipment racks with
interconnecting cables. It consists of programmable
laboratory type power supplies, signal conditioning
amplifiers. A to D and D to A converters in three

of the racks while the fourth rack contains the
command and control logic and a continuous data
display on digital panel meters. The LPU can operate
an ion thruster in a direct manual mode with potentio-
meter adjustment of all power outputs or it can
duplicate PPU operation under control of the thruster

controller.

The LPU requires a three-phase, 208V input of about
10KW. The output connectors are two ''MS 310Z" type
connectors. The computer control interface is
through an '"MS 3102’ type connector while the 28V

power is through an '"MS 27508" connector as on the
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F¥/PPU. For personnel safety, the LPU has inter-
locks on all doors and power connectors. All ground
power supply systems are fully protected for unat-
tended operation. Figure 5.9.4-1 is a block diagram
for the LPU and figure 5.9.4-2 is a picture of the

unit.
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SET PHT Hl.SET POINTS *

}

START TIMING PHT Hl

YES l@ NO
0

SET PHT Lo SET POINTS *

1

START TIMING PHT Lo

-

SET IGNITION-HEAT SET POINTS %

N+N=| 0

-

GO TO ARCS .
AL CORT<HM RETURN

€O TO LoMob —
ALGNRITHM - RETURN

FIGURE 5.3.4.2-2a THRUSTEP START-UP ALGORITHM
“See Figure 5.71.4.2-2b

5-81



saseyd dnisers bujing suoil)puo) Ajddng 13isnsyy qQZ-Z°4°E°S @anbi 4

‘YL SY Yyt o432 3E
pue 31y jou s baeyosyp 6uIpuodsa110D 41 IN|EA IH 1 JuUdIIN):

(Q.— LT 00£/009 AZE $°9 X ug ASL uo 0/0°Yy 0/9l'Yy | 74 L 74 vs'1 uny
v6' i X 330 A9E  $°9 X w0 ALt ug 0/0°h  0/S1'% vi \ {4 330 1eay-uo1l1uby
X X 330 X X 0°'S uo AlL uo 0/0°y 0/57°% Ve 430 340 07 1edyasg
340 X 330 X X 0L ug ALl uQ ﬁo\o.: ﬁoxmm.: 3j0 130 330 1H 1e9yaig
330 430
5 H
2, se, ow/u, %6, 6 6 8 =L, [ 9 § 9 4 Y ISVHd
x W —~W o (=] 9 © =z P4 4 [a) x () x
> m xO - - -— » ™m ~m m™m b -3 m > >
(2] > - w v [74d -4 (= c C ~ [ o= — -
x m P2 ) o s ] x =1 - - T = x z
(- d < X X x
> w [« - 4 » » ~ o X P - -4 < < <
e m —~ P 2 — © o - - - P4 » »
- - . > o c w 0 F-) » ° o B v v
- » O m m [}
m a o - w
m m W m
— m x -
—~ S
P

5-82



ACCEL
> 5ean RETURN

o

SET DISCHARGE VOLTAGE
REF = 36V

TURN MATIN VAPORIZE® QFF

DISCRARGE VOLTAGE REF
= 32V

MATN VAPORIZER OM

r
{ START TIMER

YES ACCEL

> m

RETURN
t
)

!
t

FIGURE 5.3.4.2-3 LOW MONE ALGORITHM
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YES

M. VAP OFF
Hi VOLTAGE OFF

1

START TIMING

MAIN VAP ON
Hi VOLTAGE ON

YES

_RIN__ ==

o

FIGURE 5.3.4.2-4 EXCESSIVE ARCS ALGORITHM
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TERMINAL NO. TERMINATION AWG NO. WIRE NO.

1 Cathode Vaporizer 1é 1
2 Neutralizer Keeper 16 2
3 Neutralizer Heater 16 3
4 Neutralizer Vaporizerv lé 4
5 Neutralizer Common 16,16 5A,58
6 Accelerator 20 6
7 Main Vaporizer 16 7
8 Main Isolator Y 8
9 Discharge (Anode) 16,16,20 SA,9B,9P
10 Cathode Heater 16 10
11 Cathode Keeper 20 11
12 Magnetic Baffle (Outer) 16 12
13 Cathode Isolator 16 13
14 Vaporizer Return 16 14
15 High Voltage Return 16,16,20 15A,15B,15P
16 Sensor Common 20 16
17 Mag Baffle (Inner) 16 17
18 Main Vaporizer Sensor 20 18
19 Cathode Vaporizer Sensor 20 19
20 Neutralizer Vaporizer Sensor 20 20
21 (=) 22(+) Main Vaporizer Thermoccuple 21(=-), 22(+)
23 (=) 24(+) Cathode Vaporizer Thermo-
couple 23(=), 24(+)
25(~) 26(}) Neutralizer Vaporizer Thermo-
couple 25(-), 26(+)

Figure 5.4.1-1b Thruster Wire List
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270 —

[\

THRUSTER BODY

—2727s2 «—— 0

Zi— INSULATION BLANKET

Ont* % Tt Gt gyt Qqg,

where Q =

Orsy & Qg

Internal heat generated in thruster

Solar flux absorbed by the thruster

Heat conducted from thruster through

its supporting structure

Heat transferred between rear of thruster
and insulation blanket

Heat transferred between the thruster

and environment

FIGURE 5.4.3-1 - THRU3STER HEAT BALANCE IN BIMOD INSTALLATION

)
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FIGURE 5.9.1-1a
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g e e

Rl

R29

RESISTOR

Cathode Tip

Cathode Keeper=-Coarse
Cathode Keeper-Fine
Cathode Keeper-Bleed
Main & Cathode Isolator
Magaetic Baffle
Discharge - Coarse
Discharge - Fine
Neut. Keeper - Bleed
Neut. Keeper - Coarse
Neut. Keeper - Fine
Neut., Tip

Beam

Main Vap - Platinum Res., Temp.
Cath Vap - Platinum Res. Temp.
Neut Vap - Platinum Res. Temp.
Main vap

Cathode Vap

Neut Vap

Figure 5.9.1~-1b - Thruster Electrical

Simulator - Specifications
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Figure 5.9.4-2 Lab Power Unit (LPU)
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1.

1.

1.

1.

Power Processor

Reference Documents N

Biess, J.J.; Inouve, L.Y.. and Schoenfeld, A.D.:
Electric Prototvpe Power Processor for a 30-cm

Ion Thruster. (TRW DSSG, Redonde Beach, CA.)

NASA CR-135287, 1978,

Biess, J.J.; and Frye, R.J.: Electrical Prototvpe
Power Processor for the 30 ¢m Mercury Electric
Propulsion Engine. AIAA Paper 78-684, April 1978.
laloy, J.E.; and Sharp, G.R.: A Structural and
Thermal Packaging Apnroach for Power Processing
Units for 30-cm Ion Thrusters. NASA TM X-71686,
March 1975.

Solar Eleccric Propulsion (SEP) Dual Shear Plate
Packaging Nesign. JPL-701-204, Jet Propulsion Lab,
Pasadena, CA, 1974.

Sharp, C.R.; Gedecn, L.; and Oglebav, J.C.: A
Mechanical Thermal and Electrical Packaging Desipn
for a Prototvpe Power Management and Control Svstem
for the 30-cm Mercury Ion Thruster. NASA TM
X-78862, 1973.

Biess, J.J.; and Inouve, L.Y.: Power Processor for
a 30-cm Ion Thrusters. (TRV Svstems Groun, Redondo
Beach, CA.) [ASA CR-134785, 1974.

Biess, J.J.: Inouye, L.Y.; and Schoenfeld. A.D.:

Extended Performance Clectric Propulsion Power
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Processor Design Study. (TRW DSSG, Redondo Beach,

CA.)

NASA CR-135357 and CR-135358, 1977. )

Herron, B.G.: Development of a 30-cm Ion Thruster

Thermal Vacuum Power Processor. AIAA Paper 76-991,

Jdovember 1976.

Herron, B.G., et al: 30-cm Ion Thruster Power Pro-

cessor. (Hughes Research Laboratories, Malibu,

CA.)

NASA CR-135401, 1978.

Functional Requirements

L

2)

3)

4)

The power processor shall accept as its input,
unregulated solar array power and condition
this power to provide the twelve regulated
power outputs to satisfy ion thruster operation
requirements.

The nower processor shall provide telemetry
signal conditioning for power processor input
narameters, operating parameters and status,
and thruster operatinz parameters and status.
The power processor shall receive regulated

28 volt power to provide startup control and
standby status/telemetry information.

An external computer will send commands and re-
ceive data from the power processor. The power
processor shall verify, decode, and execute

commands for thruster startup, throttling,




shutdown and anomaly correction, and for power
processor/thruster status and telemetry,

5) The power processor shall sense for critical
thruster/power processor out-of-limit condi-
tions, and depending on the condition sensed,
shall either: (1) initiate corrective action,
(2) generate a flag so that the external com-
puter will orovide action, or (3) shutdown the
power process/thruster.

6) The power processor shall be designed to meet
the sine, random, and static acceleration levels
specified in applicable document 6.8.1.

7) The power processor shall dissipate all inter-
nally generated heat through the power proces-
sor baseplate mounted heat pipes. Junction
temperatures for solid state components shall
operate at less than 110° C. High reliabilitv
for solid state components shall be maintainad

bv limiting mounting surface temperature to 75° C.

Preliminary requirements for the electrizal proto-
type (E/P) power processor are referenced in apoli-

cable document 6.8.2.

6.3 Functional Description
6.3.1 Electrical

The FM/PPU electrical circuitry is contained in a

6-6



seven module assembly. This modular approach al-
lowed for a logical division of circuitry that

facilitates testing and permits high voltage, high

power, and noise sensitive circuitry to be isolated.

A block diagram of the power processor (PPU) cir-
cuitry and its module allocation is shown in figure

6.3.1-1.

The first, or Al module, contains the input filter
for the solar array power, the 28 volt converter
that supplies the internal control electronics
power, and the telemetry signal conditioning oscil-
lator. The input filter uses a special swinging
inductor filter design that provides the necessary

current ripple attenuatfon. The input filter feeds

the three series resonant inverters used in the PPU.

These are: (1) the Beam Inverter, for the screen
and accelerator supplies, (A3 mecdule), (2) the Dis-
charge Inverter (A4 module), and (3) the Mulriple
Output Inverter (A5 module), which supplies power
for nine low power autput supplies (A6 and A7

modules).

The beam and discharge series resonant inverters
use thyristor power switches and overate at a

resonant frequencv of 20 kHz. Figure 6.3.1-2

presents a basic schematic of the series resonant

6-7
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inverter power stage used for the DC-AC power in-
version. The power stage includes two power switch- \
ing thyristors (SCR1l and SCR2), two shun:t nower
dizdes (CRl and CR2), the series resonant tank (L1,
L2, C1 and C2), and the output transformer and its
associated output rectifiers and filtering. When
the power thyristor SCRl is turned on, a sinusoidal
current flows through the power thvristor, the
resonant tank (L1, Cl and C2) and the output dower
transformer T. On the alternate half cvcle,
thyristor S5CR2 is turned on. The sinusoidal current
wavefornm in the power switching devices allows for
high frequency operation without the associated
turn-on and turn-of{f switching losses cormonlv found
in other péwer conversion circuits. Also during ab-
normal outpur loading conditions such as thruster
arcing, the series resonant LC tank limits the in-
stantaneous peak current flowing through all the
power components and therebv provides inherent com-

ponent overstress protection.

The multiple output inverter is also a half bridge
series resonant inverter, but uses rransistors as
the power switches and operates at a resonant fre-
quency of 50 kHz. The higner frequency operation

of this inverter permits minimal weight magnecics

6-8



and output stage filtering. This inverter provides
the current source for nine series-connected, trans-
former coupled output stages. These output stages
are contained in the A6 and A7 modules. A6 contains
those supplies that are referenced to the high volc-
age screen output (up to +1100 volts) and A7 con-
tains those that are referenced to neutralizer com-
mon or spacecraft common (as previously showﬁ in

£: ;ure 6.3.1-1).

All power outputs of the three inverters mentioned
have individual control electronics to provide out-
put regulation, overload protection, on-off control,

and commandable operatiomal set points or references.

The A2 module contains the digital interface unit
and the PPU command, protection and control sections.
The digital interface unit provides the interface
between the power processor and a computer. High
speed serial data from the computer is processed by
the digital interface unit and controls the overall
oper ition of the PPU. PPU telemetry data and off-
normal PPU/thruster operation signals are processed
by this module and transmitted to the computer to

allow monitoring of the thrust system operation. A

block diagram of chis module is shown in figure 6.3.1-3.
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.2

and information regarding the digital commands and
their format is contained in appiicable document
6.8.3. Reference 6.1.1 and applicable document

6.8.4 provide a detailed description of the power
processor.

Mechanical

The power processor (PPU) has been structurally de-
signed to support its own mass during the launch
environment as well as act as the foundation :-or

the rest of the BIMOD. The PPU structure has been
designed so that no electrical component has a vibra-
tion resonance below 200 Hz (applicable document
6.8.15). The overall first mode resonance in the

Z axis (thrust a:is) occurs at 120 Hz; a frequency
that is between the point at which the sine vidbration
cuts off and the random vibration builds up to full

level.

The PPU structure is cesigned for a nominal combined
static and dynamic acceleration of 72 g's for all
axes. A structural analysis is included in applica-
ble document 6.8.14. The main structure is comprised
of seven cross bheam modules (fig. 6.3.2-1) Each
cross beam is machined from a solid block of €3280-T6
aluminum alloy to get reliable thermal conduction

throughout the structure. A zirconium-magnesium allov

5-10
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hAY

(ZK60AT5) was also considered and would have been
more weight efficient, but was rejected on cost \
grounds (applicable document 6.8.16). High heat
dissipation or heavy components are mounted on the
module base plate which is bolted to the heat pipe
evaporator saddles. The lighter components are
mounted to the cross beam webs between the base
plate and the upper flange. All other components
such a, integrated circuits, capacitors, resistors,
etc. are mounted on Printed Circuit Boards (PCB's).
To remove the dissipated heat, the PCB's were
mounted to aluminum picture frames. These frames
are mounted to the cross beam base plate. Aluminum
spacers and bolts tie the edges and central portion
of the PCB's to the cross beam webs for structural

integrity.

The heat pipe evaporator saddles are bolted to the
cross beam base plates and are the structural back-
bone of the PPU's in the BIMOD configuration, as
well as providing good heat transfer from the module
base plate to the heat pipes. The heat pipe saddles
also trarnsfer the shear loads from the cross beams
of the upper PPU to the cross beams of the lower
PPU so that the upper and lower cross beams become

one very ieep shear beam.
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The long 0.040 inch thick magnesium sides of the
PPU are the most highly stressed for the thrust

(Z) axis launch environment. The thickness of these

~r

sides was the major factor for determining the 120
Hz first mode 2 axis resonance. This resonance
could be shifted by small changes in the side thick-

ness.

The BIMOD truss cantilever loads are transferred to
the interface truss through columns attached to the
sides of the PPU near the corners. The structural
stability of these colurms is enhanced bv the PPU
sides and cross beam webs, thus allowing the use of
lizhtweight columns. NASA drawings CF 63700, CF
637010, and CF 637011 are the main PPL assembly
drawings. A complete PPV drawing list is shown in
applicable document 6.8.5.

Thermal

Temperature measurements made during electrical
testing of the electrical prototvpe power processor
(EP/PPU) showed that many hot spots existed. A
thermal model was assembled (apnlicable document
6.8.8). The results showed that many areas within
the vower processor woull be operating at tempera-

tures much higher than desired.
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90° C. Heat dissipating components mounted on the

web section were located near the base.

Each printed circuit board has an aluminum frame
7.6-mm (9.030-in) wide and 1.59-mm (0.062-in) thick,
to aid in the transfer of heat to the module base
plate. Electronic compone:ts dissipating 0.020
watts or more were mnounced next to the frame and

cemented tu the copper foil that extended from

under the frame. Components that must be electrical-

ly insulated are first mounted on BeO pads. The
copper foil 7.6 mm wide extends around the perimeter
of the printed circuit board making direct contact
i the frame. The aluminum frame and the circuit
board are riveted together at each location of a
heat dissipating component. Components dissipating
0.100 watts were placed at the bottom of the frame
near to the module base plate; the lower heat dis-

sipators were placed at the top of the frame.

The standoffs, that are -equired to attach the
printed circuit board to the web section, are used
to transfer heat. The printed board is cut away at
the location of each standoff to the frame. The
threaded aluminum standoffs make contact with the
frames. Metal to metal contact is made from the
foil under the electronic component through the
6-14
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standoff to the web. One or two standoffs are re-
quired for the center of the printed circuit boards.
They are used to transfer heat from components dis-
sipating 0.050 watts or less; copper foil connects

the component to the standoff.

Three ounce conner foil was used on the surface
facing the frame; the other side has two ounce con-

per €o0il. The entire board was conformal coated

with Solithane 113.

Applicable documents 6.3.10 and 6.8.11 detail the

procedures and the results of the thermal vacuum

testing.
6.5 Interface Definition
6.4.1 Electrical

The funccional power processor interfaces are shown
in figure 6.4.1-1. They consist of (1) the input
power, sola- array and regulated 28 volts, (2) the
computer interface, input and outnut lines, and
(3) the thruster intecfaces, power leads and tempera-
ture measurements.
6.4.1.1 Input Power
1) The unregulated solar array input voltage shall
be between 200 and 400 volts d.c. The maximum
voltage (solar array open circuit voltage) shalil

not exceed 425 volts. The maximum nomninal power

6-15
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6.4.1.2

6.4.1.3

will not exceed 3200 watts. A single connector
for two power leads and a ground reference lead
is required. Since the power processor elec-
trically isolates the input power, the ground
reference may be at any potential within the
input voltage range (e.g., the solar array could
be grounded on the low side, or center tapped).

2) The FM/PPU also requires approximately 100 watts

of 28%+5 volts d.c. power. A single connector
for two power leads and a ground reference lead
is required. The 28 volts power is also elec-
trically isolated in the power processor.

Processor/Controller

The power processor/ ontroller interface requires a
single connector for five circuits; command, data,
enable, clock and PPU off-normal flag. These cir-
cuits are typically twisted shielded pairs. A
description and specifications for the signals on
these lines is con.~ined in applicable document
6.8.3.

Thruster

The thruster interface consists of twenty power
leads. The twenty thruster power leads, shown in
figure 6.4.1-2, are hard wired to the various power
processor modules. The voltage, current and power

levels for this interface are given in Table 6.5.4-1.
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6.4.1.4

6.4.1.5

6.4.2

6.4.3
6.4.3.1

Tenmperature Sensors

The three temperature sensors cach require a
t-isted, shielded pair, and a single connector

for all three circuits.

Grounding

The grounding philosophy is illustrated in figure
6.4.1-3. All grounds shown shall be referenced

to a single common point.

Jechanical

The two identical Power Processors, when bolted
back to back against common heat pipe saddles,
become essentially a rectangular box 1.17 m (3.84
ft) long by 0.49 m (1.61 fr) wide by 0.32 m (1.05
ft) high. The heat pipes protrude from the small
ends. A clearance of 3.2 em (1.26 in.) must be
allowed for the electrical harnesses and connectors
on the upper and lower surfaces of the box. The
Power Processors are fasterzd in the interface
truss on the BIMOD truss by the eight #10-32 bolts
shown on the BIMOD interface Control Drawing

(CF 638168). The mating structural flanges must be
kept to the dimensions shown on the drawing in order
to avoid interference with the PPU lids.

Thermal

Multilayer Insulation

The thermal interface between the PPU and the sur-

6-17
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roundings (except for the PPU base plate) consists
of multilaver insulation blankets. An opening
exists becrween blankets for the PPU nearest the
thrusters to allow for outgassing of the PPU's.
Bonding

RTV 566 is used at the interface between the module
base nlate and the heat pipe evaporator saddle to
enhance heat transfer by filling in voids.
lechanical

Four rows of bolts are used to assemble the PPl to
each heat pipe evaporator saddle. (here possible,
the spacing between bolts was set at a maximum of
3.8 cm (1.5 in.).

Performance Description

The measurable parameters that are necessary to
m.et the functional requirements of the PPU are:
1. Input Power
Command Format

Telemetry

2

3

4. Outnut Power
5 Electro-Magnetic Interference (EMI)

€ Efficiency

7 Shorts., Overloads. Transient, Recvcle Tests
The information provided herein is the result of

in-house testing on the Functional Model Power

Processor (FM/PPU) that was packaged, fabricated

6-18
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and tested at LeRC. Cxtensive information on the
Engineering Prototype Power Processor (EP/PPU) is
provided by the documents referenced in section 6.1.
The EP/PPU and FM/PPU share a common electrical
design. Test of FM/PPU SN :1 was performed with a
thruster load bank (applicable document 6.8.6).
FM/PPU SM #1 also accumulated about 1300 hours of
vacuum operation with an ion thruster. A thermal
vacuum test was also performed on FM/PPU SN #1,

the results of which are detailed in applicable

document 6.8.7.

FI/PPU SN #1 has been shipped to Xerox-EOS for
participation in a Mission Profile Life Test. To
date (April 3, 1979) FM/PPU has accumulated an
additional 200 hours of vacuum cperation for a

total of 1500 hours.

Input Power

The input power requirements for the FM/PPU are:

1. Input Voltage: 200 to 400 V dc main bus
3 kW 2 2.9 amp beam

2, 1Input Voltage: 23 to 33 V dec control bus
100 W2 2.0 amn beam

The FM/PPU was successfully operated over the volt-
age range of 28 + 5 V dc. Some problems were encoun-
tered in operations over the entire 200 to 400 V dc

range 2f the 400 V dc bus. Below 210 V dc, a
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condition known as latchup occasionally occurred
were both A4 module SCR's conducted simulta- '
focts 1 This is not considered a major problem
but one that can be remedied by minor control
adjustnients,
o d Conmand Format
The command contrnl requirements for the FM/PPU are:
1. Format - Serial Pulse Code Modulation - NRZ

2. Logic Levels - 4.1 volts or greater for a

logic "1
D.5 volts or less for a
logic 0"

3. Parity - ODD
4. Command Word Length - 16 bits
5. Echo Back Word Length - 24 bits
. Bit Rate - Variable, 1 KBPS to 10 KBPS
/ Uriority Interrupts - Six
A Hizgh Accelerator Current
L. Low Screcn Voltage
¢. Beam Current Our of rimics

d. Solar Array Input Voltage Out of
Limics

. Excessive Arcs
F. Neutralizer Failure

8. 1The above spacifications were met during
Perfarmance Acceptance Testing (PAT)

(applicable document 6.8.7).
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Detailed information on the command codes, formats,
and interfaces is contained in applicable document
6.8.3.

Telenetry

Telemetry for the FM/PPU consists of 28 sever bit
digitally coded channels. Telemetry channels are
only transmitted upon receipt of the appropriate
interrogation command. The telemetry channels,
their range, and accuracv are shown in table 6.5.3-1,
During FM/PPU performance acceptance testing, the
repeatability, stability, and accuracy of the
telemetry was within specification. During module
testing some analog channels (prior to digitizing)
indicated significant ripple due to the 2 Kilz
magnetic amplifier isolation scheme that is used.
This ripple will be reduced on future units by tche
addition of low pass filtering. Calibration curves
for FM/PPU SY {1 are shown in applicable document
6.8.3.

Output Power

The FM/PPU contains the twelve power sunplies re-
quired to power an ion thruster. These FM/PPU out-

put requirements are listed in table 6.5.4-1.

The requirements for F1/PPU, SN #1 were met during

performance acceptance testing at an input voltage
of 300 V dec.
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Test results for the EP/PPU at various input levels

and loads are detailed in reference 6.1.1.

FM/PPLU in-house LeRC testing successfully demon-

strated the following functZonal operations with a

30-cm thruster:

1.
2.

10.
11.

Neutralizer '.‘eper ignition

Neutralizer keeper-neutralizer vavorizer
control loop

Cathode keeper ignition
Discharge ignition

Discharge voltape - cathode vaporizer control
loop

Magnetic baffle operation

Hish voltage anplication to accelerator
and screen

Beam current regulation from 0.5 to 2.0 amps
Stable thruster operation
Recovery from internal engine arcs

Shutdown of ion engine

Electromagnetic Interference

Electromagnetic Interference (EMI) for the FM/PPU

will be done in accordance with NASA specifications

(applicable document 6.8.9).

At the time of writing this manual, the FM/PPU EMI

testing contract is being negotiated with R&B Enter-

vrises of Plymouth lleeting, PA. Testing is expected

to begin in the Fall of 1979.
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Electromagnetic interference tests were verformed
on the 30-cm EP/PPU so that baseline information
would be available to spacecraft system engineers
to conduct interaction studies for spacecraft sub-

systemns and scientific experiments.

Two basic sets of tests were formed:

1. Conducted narrowband and broadband inter-
ference with the power processor and ion engine
operating at the 2 amp beam current level.

2. Radiation and conducted narrowband and broad-
band interference with the power proccssing operat-
ing with an ion engine load simulator in an electro-

magretic compatibility screen room.

The results of the above testing on the EP/PPL are
shown in reference 6.1.1 and applicable document
6.8.20.

Efficiency

The efficiency of the FM/PPU was measured during
performance acceotanca testing. Efficiencv for the
FM/PPU and EP/PPU were svecified at 88% at a 2.0
amp thruster beam. The efficiencies for both the
FM/PPU and EP/PPU at 300 V dc {nput voltages and a

1.0 and 2.0 amp beam are shown in table 6.5.6-1.

Additional testing of FM/PPU's is currently under-
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way and the data will be published when available.
Additional efficiency information on the EP/PPU is
available in reference £.1.1.

Shorts, Overloads, Transient, Recvcle Tests

Some transient, recycle, overload, and shorting
tests were performed on the FM/PPU's but no quan-
ticative data are available. In-house testing is
still underway and test results will be published
on completion of the testing. Detailed test re-
sults on the EP/PPU are available in reference
6.1.1.

Physical Characteristics and Constraints

This section defines the physical characteristics
and constraints of the Power Processor Subsystem.
Items to be specified here are:
1. Dimensione
2 Volume
3 Center of Mass
4. Mass
5. Power Profile
6 Outgassing
7. Grounding
8. 1ldentification Marking
9. Packaging

10. Location and mounting
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Dimensions
Dimensions of the PPU are 114.93 cm (45.25 in.) L, '
45.97 cm (18.10 in.) W, 15.24 cm (6.0 in.) H.

Volume

Volume of the PPU is 80 518 cm (4914 in.3).

Center of Mass

Center of mass i1s shown in fipure 6.6.3-1.

Mass

‘lass of the PPU is 37.53 kg (82.75 1bs.). The

detailed mass breakdown is shown in table 6.6.4-1.

Power Profile

The power profile for pre-heat and three levels of
beam current is showm in figure 6.6.5-1.

Qutgassing

The outgassing design criteria for the PPU shall be
such rhat one square cm of venting area is required
for 1000 cubic cm volume. A total of 18 screen vent
holes (9 per side) provide the vent paths. Each
hole is 4.7625 cm (1.875 in) in diameter and covered
with a 150 mesh stainless steel screen. The 150
mesh screen provides a 37.4% open area for venting
to space. With a PPU volume of 80 518 cm3, a vent-
ing area of 80.5 cm? is required. The design pro-

vides a venting area of about 120 eml thus providing

a margin of about 507%.
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Grounding
The grounding philosophy for the PPU is illustrated
in figure 6.4.1-3. The grounding prhilosophy in-
cludes:
1. 1Isolation of the 200 to 400 V dc bus
Isolation of the 238 V dc lLus

Isolation of the thruster

2
3
4. 1Isolation of spacecraft computer control box
5 Isolation of digital interface unit

6 Isolation of PPU commands

7 Isolation of PPU telemetry conditioning

Identificaticn Marking

The identification marking for each module is

located on top of each crossbeam near the connectors.

The identification marking for the PPU is located

at the center of the A2 module end.

Packaging

Modular packaging techniques were used in the design
of the PPU. The PPU is comprised of seven modules
fastened together by side skins, overlapping cover
plates and the heat pipe saddles. Details of the
construction techniques are shown in the appropriate
assembly drawings listed in applicable document

6.8.5.
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Location and Mounting

The location and mounting of the PPU in relation
to the BIMOD structure are illustrated in figure
6.6.10-1. Mounting details are shown in the ap-
propriate assembly drawings listed in applicable
document 6.8.5

Development History

Electrical

The baseline LeRC Functional Model Power Processor
(FM/PPU) is the most current power processor hard-
ware avallable. The electrical design of the
FM/PPU is identical to the Elactrical Prototype
Power Processor (EP/PPU). The EP/PPU i{s an elec-
trical brassboard produced under a LeRC contracted
effort with TRW, Inc. Defense and Space System
Group from mid-1975 through 1976 (references 6.1.1
and t.1.2). The objective of the EP/PPU effort
was to design, fatricate, and test a power pro-
cessor that would meet electrical specifications
typical of 2 flight mission. The EP/PPU was de-
signed to incorporate an integrated modular pack-
aging approach, although no detailed flight type
structural or thermal analysis was performed under
this contract. The subsequent FM/PPU effort used
the EP/PPU electrical design and further refined

the packaging by optimizing packaging density.
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FM/PPU was designed for flight structural, thermal,
and environmental requirements (references 6.1.3
and 6.1.5). The EP/PPU contract also provided the
electronic parts (commercial equivalents of Hi-Rel
parts), and flight type magnetics sufficient to
fabricate five FM/PPU's. The EP/PPU has undergone
several thousand hours of thruster testing, includ-
ing vacuum operation with a thruster. Conducted
EMI tests were performed on the EP 'PPU while oper-
ating a thruster, and radiated emission tests were
performed with a thruster load bank (reference

6.1.1 and applicable document 6.8.20).

Prior to the EP/PPU effort, there were three 30-cm
thruster power processor breadboard programs bet-
ween 1972 and early 1975. These were the Hughes
Thermal Vacuum Breadboard (TVBB) (references 6.1.8
and 6.1.9), and the TRW Thermal Vacuum Breadboard
(reference 6.1.6), and the TRW Three Inverter
Breadboard. The Hughes TYBB design uses a uniquely
driven, transistor full bridge inverter power stage
and was tested on a 30-cm ion chruster in both
ambient and thermal vacuum environments. The TRW
TVBBR and Three Inverter utilize series resonant.
thyristor (SCR) half bridge inverter power stapes.

Both of these units underwent thruster integration
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testing and the TRW TVBB saw limited thermal vac-
uum operation. In February, 1975, a management
decision was made to pursue the SCR series resonant
inverter power processor as the baseline design.

To date, the TRW TVBB and Three Inverter power pro-
cessors have accrued a total of over 20 000 hours

of thruster operation (with no power component fail-
ures). During this time, these two power processors
were used extensively for thruster/power processor
development and characterization, and for numerous
parametric, optimization, interaction, and control
studies. The results of this work established the
thruster/power processor voltage. current, set
points, and interface requirements; the high voltage
recycle procedure; the critical interrupt parameters
and their magnitudes. It alsc baselined the thruster
startup, throttle, and shutdown algorithms; and the
control requirements, particularly the main, cathode
and neutralizer control loops. This data has been
incorporated in the EP/FM power processor electrical
design. Also, several minor electrical design
changes have occurred as a result of EP/FM power

processor testing.

Since the FM/PPU design, rchere have been two con-

tracts to investigate the techniques to further the
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baseline FM/PPU performance. The first contract,
the Extended Performance Electric Propulsion Power
Processor Design Study (reference 6.1.7), was to
compare and evaluate concepts for improving the
performance and increasing the power output of the
power processor to as high as 10 kW. This study
was initiated to support a possible 1985 Halley
Comet rendezvous mission, and was conducted by TRW

DSSG from May through QOctober, 1977.

The most recent contracted effort is the Improved
Power Processor Design Study, or the "79 Bread-
board."” This effort furthers the designs and data
base in the extended performance design study.
This was done by incorporating updated thruster
requirements to optimize power supply sizing, per-
forming trade-off studies and updating electrical
components {e.g.. CMOS logic). It also included
incorporating a microprocessor, refining the power
stage and control logic, performing stability
analysis and performing a power processor reli-
ability assessment. This contract that started in
October, 1978, with TRW DSSG will extend until 1980
and produce an updated electrical brassboard power

processor.
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Mechanical

From 1972 to 1974, a number of FM/PPU packaging con- \
cepts were considered in the course of a joint pro-
gram with the JPL, the MSFC, and the LeRC. Most of
these concepts utilized direct radiation to space
through louvers for thermal control. The two earl-
iest competing concepts had the electrical compon-
ents either bolted directly to the radiators or
bolted to the webs of the crossbeams, sandwiched
between two plates (reference 6.1.4). 1In 1974, a
study as conducted (applicable document 6.8.&5

that showed an all heat pipe thermal control tystem
would be most weight efficient for the large heat -
dissipations anticipated. The dual shear plate ap-
proach was then modified by enlarging one flange

of the cross beam enough to accommodate the heavy
or high heat dissipating components. The flange
was then bolted directly to the heat pipe saddles.
That approach eventually evolved into a packaging
arrangement for two PPU's bolted to a common re-
dundant heat pipe system in order to further reduce
structural and thermal control system mass. Addi-
tional background and technical information is pro-

vided in applicable documents 6.8.17 through 6.8.31.
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Applicable Documents Enclosed

Sharp, G. R.: Functional Model/Power Processing
Unit Test Requirements Document. SSPD-01-04-0076.
Vibration of FM/PPU S/N 2 to Qualification Levels.
1978.

Exhibit "A." Scatement of "ork. Electrical Pro-
totype/Power Processor Unit for a 30-cm Ion
Thruster. (NAS3-19730.) July 1975.

Command and Telemetry Codes of Power Processors
for the 30-cm lon Thruster. Revision 10. NASA
Lewis Research Center, December 1978.

Maloy, J.E.; and Sharp, J.R.: A Structural and
Thermal Packaging Approach for Power Processing
Units for 30-cm lon Thrusters. NASA TM X-71686.
1975.

F™-PPU Drawing List.

Ignaczak, L.R.: 30 cm PPU Dummy Load and Test
Console (DL/TC) Opecrating Iastructions. July
1977.

Siegert, C.E.: Electrical Performance of FM/PPU 1
During Thermal Vacuum Testing. February 1979.
Description and Results of the Solar Electric
Propulsion System (SEPS) Functional lodel Power
Processor Unit (FM/PPU) [hermal Mode: NASA lewis

Research Center Memorandum to Record, April 1979.
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.8.15

.8.16

Renz, D.D.: Specification for Electromagnetic
Interference Test for a 30-cm Ion Thruster Power
Management and Control System, Specification
3-759182, November 1978.

Thermal Vacuum Testing of FM/PPU April-May, 1978.
NASA Lewis Research Center Memorandum, June 1978.
Functional Model/Power Processing Unit Thermal
Vacuum Test Procedure.

Makovec, R.J. and Reid, D.: Power Processor
Simulator Operator's Manual. 1978.

FM/PPU Card and Module Test Procedure.

FM/PPU Structural Analysis

FM/PPU Electrical Component and Printed Wiring
Board Vibrational Natural Frequency Calculations.
FM/PPU Materials Comparison for Cross Beam Modules.
FM/PPU Photographs, P.C. Boards, Modules, and
FM/PPU.

EP/PPU Electrical Stress Analysis. Voiume 1l -
Modules Al through AS.

EP/PPU Electrical Sctress Analysis. Volume 2 -
Modules A6 and A7.

Electromagnetic Interference Test Report for the
EP/PPU. (Systems Environment Associates, Report
TRS 4051 for TRW Systeoms Group.) January 1977.

EP/PPU Magnetics Specifications.
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.27

.28
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Electrical Prototype/Power Processor Unit, Final
Design Review. (TRW Systems Group: N¥AS3-1%730.)
1976.

Electrical Prototype/Power Processor Unit, Final
Design Review, Appendix A - Schematics. (TR«
Systems Group; NAS3-19730.) 1976.

Electrical Prototype/Power Processor Unit, Final
Design Review, Appendix B - Parts List. (TRW
Systems Group; NAS3-19730.) 1976.

Electrical Prototype/Power Processor Unit, Final
Design Review, Appendix C - Llectrical Stress
Analvsis. (TRW Systems Group; NAS3-19730.) 1976.
Electrical Prototype/Power Processor Unit, Final
Design Review, Appendix D - Component Sizes.

(TRW Systems Group; NAS3-19730.) 1976.

Electrical Prototype/Power Processor Unit, Final
Design Review, Appendix E - Reliability Analysis.
(TRW Systems Group; NAS3-19730.) 1976.

Extended Performance Electric Propulsion Power
Processor Design Study. Preliminary Design
Review. Volume I - Program Summary. (TRW Systems
Group; NAS3-20403.) 1977.

Extended Performance Electric Propulsion Power

Processor Design Study. Preliminary Design Review.

Volume 11 - Detailed Results. (TRW Systems Group:
NAS3-20403.) 1977.
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Design Study for Improved lon Thruster Power Pro-
cessor. Task I - Design Update. Volume I - Summary
of Results. (TRW Systems Group; NAS3-21746.) 1979.
Design Study for Improved lon Thruster Power Pro-
cessor. Task I - Design Update. Volume II -
Schematics and Parts Lists. (TRW Systems Group;
NAS3-21746.) 1979.

Ground Support Equipment

Power Processor Controller

The Power Processor Controller (PPC) is a device
designed, developed, and fabricated at LeRC to gen-
erate PPU commands for testing an FM/PPU prior to
thruster integration testing. The PPC has been de-
signed to manually simulate the functions of a
thrust subsystem computer. Specifically, the PPC
will:

1. Transmit and acknowledge all command functions

a. Power supply ON/OFF commands

b. Power supply address and set point
discrete commands

¢. Beam current set point commands

d. Discharge current set point cormands
e. Magnetic baffle set point commands
f. Screen voltage set point commands

g. Telemetry measurement commands

6-35



6.9

2

2. Provide a PPU, telemetry output display in
binary and decimal form. Display and identify in-
terrupt identificaticn signals transmitted by the

PPU.

1}

High accelerator current
b. Low screen voltage
¢. Beam current out of limit
d. Input voltagze out of l.mit
e. cxcessive arcs
£. YNeutralizer failure

3. Provide single transmission of any command.

4. Provide repetitive transmission of any command.

5. Provides a pseudo-memory of PPU :onfiguration
based on present display representing last command
transmitted.

6. Provides a variable address capability to
tes. the command user field word in the PPU. The
PPC is a standard 19 inch rack mounted unit that
is powered by 60 cycle, 110-120 V ac pcwer.

Figure 6.9.1-1 is a schematic diagram of the PPC.
An instruction manual is not available at this time

Power Processor Simulator

The Power Processor Simulator (PPS) 1s 1 lavice
designed, developed and fabricated at LeRC to sim-
ulate, as closely as possible, all functions of

an ™/PPU. Specifically, the PPFS will:
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1. Receive and acknowledge by visual display
all command functions which a PPU must respond to:
a. Power supply ON/OFF commands

b. Sunply address and set point discrete
commands

c. Beam current reference setting commands

d. Discharge current reference setting
commands

e. Magnetic baffle current reference
setting commands

f. Screen voltage reference setting commands
g. Telemetry measurement commands

2. Provide a selectable (0 to 127) telemetry
measurement count output in response to telemetry
measurement request commands.

3. Ildentify illezal commands which a PPU could
not decode.

4. Check the parity of the input pulse train to
confirm that it is in odd parity, which is the
proper form.

5. Check for the proper user command code in
input pulse train.

6. Initiate an interrupt signal identical to
those issued by a PPU.

a. High accelerator current
b. Low screen voltage

¢. Beam rurrent out of limit
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9.

3

d. Input voltage out nof limit
e. Excessive 3rcs
f. Neutralizer fa.lure
7. Provide echo-back signals
8. Acknowledge a recycle signal
9. Confirm that the external power supplies can
proviie about 10 amps at 300 V and 5 amps at 28V
while remaining within the 180 vc 420 V and 23 to
33 V rance, respectivelv.
The PPS is a portable device weighing approximately
35 pounds. A resistive load bank is provided that
is used to verify 6.9.2 Step 9 above. The resistive
load bank is also portable and weighs approximately
20 pounds. A PP3 manual {applicable dJdccument
6.8.12) contains a description. schematic diagrams,
operating instrucctions, illustracions, and photo-
graphs of the unit.

Thruster Dummy Load and Test Corsole

The thruster Dummy Load and Test Console (DL/TC)

is a device that provides loads, instrur~ntation,

and a simulated solar array power supply for power
processor testing. The DL/TC also provides arc and
short circuit simulation between PPU outputs, output
to ground for selected supplies. The function of the

DL/TC is twofold:




6

.9.

1. To prcvide the power source, loads, and meter-
ing for PPU testing only.

2. To provide a power source and metering for
PPU/Ion thruster testing.
Each of the above functions are accomplished by

jumper cables appropriately patched on a rear panel.

Two types of loads are used in the DL/TC. High volt-

age loads consist of power triodes with variable grid

bias controls to control load current. All orher
loads consist of one or more additive decade stages
of fixed resistors. Protective circuitry for meters
and other circuitry is provided for arc and short
circuit testing. Digital and analog displavs are
provided for easy readout. A DL/TC manual ‘appli-
cable document 6.8.6) contains a description, photo-

grapns and operating instructions for the unirt.

Procedures

Computerized test procedures have been developed to
assist engineers and technicians in checking the
FM/PPU's. Procedures “ave been developed at the
P.C. board and module level (applicable document
6.8.13), plus a Performance Acceptance Tast
Procedure (PAT) along with a Data Package fer

recording data. These procedures provide a step
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by step procedure for performing a test, along with
expected values and limits. Table 6.9.4-1 lists

all the procedures.
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CHANNEL,
Jy (J11)
v, (V1)
Ip (Jlg_)

v, (vg)
G

TABLE 6.5.3-1

TELEMETRY A
RANGES AND ACCURACTES AC cr

Beam Current

Net Accelerating Voltage
Discharge Current
Discharge Voltage

V., Neutr. Common/S/C/Common Voltage

I (J10) Accelerator Current

Vi (VT)
JM:B (J12)
A (v20)
Ik 7

Interrupt

Neutr. Keeper Voltage

Mag. Baffle Current
Accelerator/s/C/Common Voltage
Neutr, Keeper Current

Neuir, Bmrission Current
FPU Input Current
PFU Input Veltage
Cathode Vaporiter Current
Neutr. Vaporizer Current

Main Vaporizer Current
Cathode Keeper Current
Cathode Keeper Voltage
Neutr. Heater Current
Cathode Heater Current

Isolator Heater Current
Neutr. Heater Voltage
Cathode Heater Voltage

“ain Vaporizer Temperature
Cathode Vaporizer Temperature
Neutr, Vaporizer Temperature

Status

Recycle Count

6-41

RANGE $ of F.S.

0-2,56A

~ 0-1280V

0-15A
0=-50v
O-100V

0-5MA
0-50v
0-6.L44
C-650v
O-ka

3

3

3

3

3

3

3

S

s

S

0-2,564A 3
0-20A 5
0-450V 5
0-2A 5
O=2A 5
5

S

5

5

5

5

5

5

0-24
0-1.28A
0=50V
O-10A
0-104

0-10A
0-20v
0-20V

To 400°C TBD
To 400°¢ TBD
To 4oc%c TBD
Ligital word indicating
cause of interrupt

digival word equel to ructer of
recycles



. e

SUPPLY

Vain Vaporizer
Cathode Vaporizer
Cathode Heater
Isolator Heater

Neutralizer Heater
Yeutralizer Vaporizer
Neutralizer Keeper
(1000 V Boost)
Cathode Keeper
{1000 V Boost)

Magnetic Baffle
Discharge
Accelerator

Screen

TABLE 6.5.4e1

20
10
25

25

S0

500
1100
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Dlo
2.1

25

20
T00
50
2310

STATIC  STATIC
LOAD LOAD
REGUIATION RIPPLE
s $ PP
5 ]
5 5
5 5
T T
5 5
5 5
5 2
5 2
5 5
1 2
5 5
3 1
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CQTONENT
Module Al
Module A2
rodule A3
Module Ab
Module A5
“odule A5
t‘odule AT
Legs (4)
Sides (4)
Power Harmess
Jignal liarmess
lids

Hardware

TABLE 6.6.4-1

6

PPU_MASS SREAKDOWN

MASS

5.31 KG
3.53 ¥G

8,3 G

5.9 G

2.29 £G

a4

3,45 G
4.64 KG
0.33 ¥G
1.0k KG
0.16 1G
0.7: G
1.04 KG
0.51 ¥G-

(11.71 1lbs)
(7.79 1bs)
(18.44 1bs)
(13.20 1bs)
(5.0 1bs)
{T.€0 1bs)
(1c.24k 1bs)
(.83 1bs)
(2.30 1bs)
{0.35 1bs)
{1.32 1bs)
(2.30 1bs)
{(1.13 los)




TABLE 6.9.4=1
MM _PPU TEST PROCEDURES

PC_BOARD PRCCEDURES

AlA3 = 28 VDC Converter

A2Al - Digital Interface

A2A2 - Digital Interface

A2A3 ~ Digital Interface

A2A5 - PPAU Commands

A2A6 - PRU Comuands

A2AT - PPU Comnands

A2AS - PRJ Control and Protection
A2A9 - FPU Control and Protection
A2A10 - PPU Contrel and Protection
A2A11 - FPU Coatrol and Protection
A2A12 - PPU Control and Protection
A2A13 « Telemetry

A2A14 - Constent Current Thermistor Supply

A3A2 - Accelerator Regulator

A3A3 - SCR Firing Network -~ Screen Supply
A3ALA - Series Inverter Control logic
A3A4B - Series Ianverter Control Logic
A3A5 -~ Screen Regulator

A3A6 « A3 Telemetry

AbA3 = SCR Firing Neiwork - Discharge Supply
AUALA - CSerles Inverter Control Logic - Discharge
AMALB - Series Inverter Control lLogic - Discharge
*A5 - V5 Regulator - [ischarge

ALAE - AL Telemetry

A5A2 - Transistor Drive Network - Multiple Inverter
ASA3A - Series Inverter Control lLogic

ASA3B - Series Inverter Control Logic

ASA4 = Multiple Inverter Regulator

AS5AS - Famp Genermtor
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AGAS
AEAS
AGAT
AEAS -
AEAD -

TABLE 6.9.4k=1(Concluded)

V3 Cathode Heater Regulator

V4 Isolator

Heater Regulator

Cathode Keeper Regulator

vagnetic Baf
A6 Telemetry

fle Regulator

AEALO - A6 Mcodule Reference Board

ATA6 - lain Vaporizer Regulator

ATAT = V2 Cathode Vaporizer Regulator
ATA: e V6 Neutralizer Vaporizer Regulater
'7TAY = V5 Neutralizer Heater Regulator
ATA10 = VT Neutralizer Feeper Regulator
AT Telemetry

ATALL
ATA12
ATAL3
ATALL
ATALS

Al Test

(ATA6, ATA9

) Reference

ATAT Reference

ATAB Vink)
(ATAB, ATAL

»ODULE PROCELUZEDS

Procedure -

42 Test Procedure -
A3 Test Procedure -

Al Test
AS Test
AG Test
AT Test

Procedure -
Procedure -
Procedure =

I'rocedure -

Reference

0), References

°% YDC Converter, Input Filer, TIM Oscillator

oigital Interrace, FPU Commands, FPU Control & Protection
V11 Output and Series Sescnant Inverter-Zecreen Supply
Series Resonant Inverter - Dlscharge Suprly

Trarsictor “rive letwork - Multiple Inverter

(y3, vk, V8, and V1Z) Cutpuis

(vi, v2, VS, V6, and ¥T) Cutputs
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7.0

7.1.2

7.1.3

7.1.4

Gimbals

This section describes the gimbal system that has
been designed to meet the anticipated requirements of
the 30-cm thruster (reference 7.1.1). The gimbal
control and position indication system is also des-
cribed.

Reference Documents

Cake, James E.; Sharp, G. Richard; Oglebay, Jon C.;
Shaker, Francis J.; and 2Zavesky, Ralph J.: Modular
Thrust Subsystem Approaches to Solar Electric Propul-
sion Module Design. NASA TM X-73502, 1976.

Zavesky, Ralph J.; and Hurst, Evert B.: SERT II Gimbal
System. NASA TM X-2427, 1971.

Banks, B. A.: 8-cm Mercury lIon Thruster Systems
Technology. NASA T™ X-71611, 1974.

Herron, B. G., et al.: Engineering Model 8-cm Thruster
System. AIAA/DGLR Paper 78-646, April 1978.

Functional Requirements

The functional requirements of the gimbal system are

to:

i) Provide for the mounting of a 30-cm thruster to
the structure of the bimodular tnrust system
(BIMOD) .

2) Direct the thrust vector of the 30-cm thruster
in two axes to enable attitude control and space-

craft orientation control.

7-4
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3) Provide an angular readout system that relates
the position of the thruster beam vector with

respect to the axes of the BIMOD.

7.3 Functional Description
7.3.1 Electrical

The gimbal is driven by two three-phase variable re-
luctance stepping motors. Two phases of the motor
are energized at a given time and stepping is accomp-
lished by de-energizing one of the energized windings
and energizing the de-energized winding at the same
time. The direction that the motor steps, clockwise
or counterclockwise, is determined by which energized

windiag is de-energized.

The angular position of the gimbal is indicated by means
of two resolvers (one for each axis). The resolver
is a transformer with two rotating secondary windings
that are oriented 90° with respect to each other.
These secondarv windings are rotated with respect to
the primary winding by the shaft of the resolver.
Rotation of the secondary windings varies their coup-
ling coefficient with respect to the primary winding .
The magnitude of the output voltage from one of the
secondary windings is proportional to the sine of the
shaft angle, and the magnitude ¢f the output voltage

from the other secondary wirding is proportional to

7-5
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the cosine of the shaft angle. If the primary volt-
age 1is
Vp = A sin .t |

then the secondary voltages are the following:

Vg1 = AB sin @ sin (.t + &)

Vgy = AB cos 8 sin (ut + &)
where A and B are constants, 8 is the shaft angle, and
¢ is a constant phase shift between the primary and
secondary windirgs. The magnitudes of the output
voltages are

magnitude of Vg = AB sin 8

magnitude of Vgy = AB cos 8

Therefore,
o = arcsinp magnitude Of V51
® = arccos magnitude of Vg2

The stepping motors are prevented from overdriving
the gimbal by four limit switches. There are twd
1imit switches for :zach motor, one for each direction
of travel. These limit switchez must be incorperated
into the drive circuitryvy for the stepping motcrs.
Mechanical

Figure 7.3.2-1 shows the conceptual gimbal system in
a BIMOD configuration. Figure 7.3.2-2 is a photo-
graph of the BIMOD gimbal system attached te a vibra-

tion fixture and with a dummy model thruster on one

7-6



gimbal. The gimbal parts are iridited and show up in
gold. Extending or retracting of the two linear ac-
tuators in conjunction with angular cotation of the
cross pin hinge or gimbal pivot provides the thruster
gimballing in two mutually orthogonal axes. When the
linear actuators are both extended, rotation takes
place about the X axis in a -3 direction. When both
actuators are retracted, gimbal rotation is in a +°
direction. Differential movement of the actuators,
one extended and one retracted, causes angular rota-
tion, . about the Y axis. The actuators and the cross
pin hinge attach the thruster mounting frame to the
BIMOD structure. The thruster mounting frame consists
of a Y-shaped thruster mounting tracket, two side
mounting pads, and two ground screen mount standoffs.
The thruster is mounted to the side mounting pads,
and the two ground screen mount standoffs. The two
jackscrew type actuators are driven bv a stepper
motor-gearhead assembly. The actuators have a uni-
versal joi~t at both ends for angular compliance .
Switches limit the length of linear travel which
controls the angular travel limits of the gimbal. A
guide pin that is attached to the thruster mounting
frame rides in the slot of a support bracket

that is mounted to the lower BIMOD truss. This gu.de

pin is used for lateral support.
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One advantage of this system is the result of favorable
geometry. The arrangement of the actuators, cross
pin hinge and the guide pin provides stiffness in
all directions eliminating the need for pin puller
restraints during launch, while allowing the two de-
grees of recuired gimbal movement. The stiffness in
all directions is not a function of gimbal position.
The static and dynamic loads are carried in the Z-
direction by the two actuators and the cross pin
hinge, in the Y-direction by the thrust washers in
the cross pin hinge, and in the X-direction by the
cross pin hinge, the guide pin, and the guide pint

brackert.

The angular position of the gimbal svstem ‘s contin-

uouslv monitored bv an angle indicator system cthat

consists of two resolvers. These resolvers are at-

tached to the cross pins of the hinge and provide

direct readout of the : and gimbal angles.

The propellant for the thruster is carried acruss
the gimbal interface by a tlexible propellant feed
line shaped like a coiled spring tube.

Thermal

The location of the gimbals with respect to the
thrusters and aft insulation of the BINMOD is shown

in figure 7.3.3-1. As of April 1979 thuere bas been
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7.4
7.4.1

no extensive thermal analysis done on this system.

It may be required to maintain some components ‘e g.,
resolver and motor) wi™‘. u.rtain temperature limits
depending on the envircnment to which they are subjec-
ted. If so, thermal control shall be provided by
coatings, additional multilayer insulation and/or
supplementary heaters. The amount and location are

to be determined (TBD).

Interface Definition

Electrical

1) Stepping motor:
Singer-Kearfott variable reluctance stepping
motor number CR4 0192 039
158:1 gearhead.number CR2 0391 070
Power: 28V dc, 8.3 watts
Winding Resistance: 220 ohms
Amps per phase: 0.13
Stepping rate: 400 Hz nominal
700 Hz maximum

Phase sequence for counter clockwise rotation:

Step/Winding A B —C
1 ON ON OFF
2 OFF ON ON
3 ON OFF ON
7-9



2)

3

4)

5)

Resolver:
Singer-Kearfott number CM4 1093 009
Resolver is brushless
Input voltage: 11.8 V ac maximum, 400 Hz sine wave
Input current: 0.050 amps maximum
Input power: 0.090 watts maximum
Input impedance: 103 + j197 ohms
Qutput voltage: 10.62 V ac maximum
Transformer ratio: 0.90
The resolver can be operated at lower input volt-
ages (and hence lower power) with an equivalent
drop in output signal level.
Limit Switches:
Form: SPDT
Racing: 115 V ac, 5 amps
28 V dc, 2 amps

Number of wires:

4 per stepping motor -8
6 per resolver -12
2 per limit switch - 8
2 shields -2
Total number of wires 30 per gimbal

*

The gimbal electrical interfaces are shown in

figure 7.4.1-1.
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7.4.2

Mechanical

The thruster to gimbal installation is specified in fig-
ure 7.4.2-1 and NASA Drawing CF 637900. The thruster is
mounted to the gimbal by the two gimbal mounting pads,
ard two standoffs. NASA Drawing CF 637900 shows that
parts 3 and 4 mount to the thruster at the gimbal pads,
and two parts 22 mount to the thruster ground screen on
the bottom of the thruster. The feed line is attached to
the back of the thruster at the manifold shown on figure

7.4.2-1.

The gimbal to structure installation is specified in NASA
Drawing CF 637900 and the associated detailed parts. The
incerface points are: (1) the cross pin trunions, parts

8 and 10, (2) the bearings of the actuator rings, parts

30 and 37, (3) the support pin and the support parts 5

and 6, and (4) the base of the spring feed line, part 16.

The detailed parts drawings can be used to obtain specific

mounting dimensions.

The gimbal axes are the same as the designated spacecraft

axes. They are shown on figure 7.3.2-1.

The gimbal system must overcome the added torque caused
by the wiring harness and the feed lines. The coiled
feed line additional torque is negligible. A test to
determine the torque due to the harness has been planned,

but the torque values are TBD.
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7.4.3

7.5
7.5.1

Thermal

The thermal interfaces of the gimbal system include
the insulation blanket placed between the radiators
behind the thrusters, the mounting of the gimbal
system with the structure, adjacent gimbals and thrus-
ters, and the spa:e environment. A schematic showing
the major heat flow paths is shown in figure 7.4.3-1.
As of April 1979 no detailed thermal analysis has

been done on the gimbal system. If analysis of the
gimbal syster indicates that insulation and/or heaters
are required to maintain the components within an
acceptable range, they shall be added as required.

Any insulation to be added shall be constructed in

the same manner as that shown in table 9.3.2-1.

Performance Description

Angular Travel

The angular limits of the gimbal system as previously
stated are

35° minimum

I+

= + 15° minimum
The total envelope that can be used with the present
gimbal system has been plotted using the output of
the resolvers (see fig. 7.5.1-1). The envelope limits
are controlled by the maximum travel of the actuators.

Any position within the envelope can be reached by
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commanding the desired c and 8 angle inputs. Assuming

that the resolver 2ero positions can be aligned with \
the known beam vector of the thruster, figure 7.3.1-1

then represents the maximum envelope capability of

movement of the beam vector.

The angular travel is limited by the actuator linear
travel and the relationships of the actuators to the
cross pin hinge. By changing the distance between
actuators the o angle can be varied, and by changing
the distance between the actuators and the cross pin
hinge, the 2 angle can be varied. The limitati( is are:
(1) large angles could noc be obtained because of
mechanical interference, and (2) structural support
of the system is required during the launch environ-
ment. It would be possible to achieve gimbal angles
up to 50° in an a direc ion and up to 25° in a &
direction with minor geometry changes.

The equation that relates the angle Y with the rota-

tion angles “ and > is given by the following equation:

cos £ cos o

Y = arcos

V@oszi sin? 2 + cosZz

8 = rotation about the X-axis

a = rotation about the Y-axis

Yy = the angle that the thrust vector makes with

Z-axis (see fig. 7.5.1-2.)
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7.

7.

5

.5,

5.

3

5

Slew rate at 400 PPS of the Motor

. diraction = 6.13°/minute .

direction = 2.67° /minute

tay

Torque at 400 PPS of the Motor

. direction with two actuators operating = 25 ft-1lb

oy

direction with two actuators operating = 62 ft-1b ‘

Several 30-cm gimbal system variables could affect

the operational characteristics. The pulsing rate

of the stepper motor can be varied in order to change
the slew rate of the system. The gear reduction ratio
of the motor could also be changed up to a point where
the minimum torque required to move the gimballed
thruster is reached. The torque limitation is the
requirement to be able to move the gimballed thruster
in a one "g" environment in any attitude of the system.

Power Consumption

8.3 watts/actuator maximum, 0.1 watts/resolver maximum.

Capable of Deep Space Operation

All bearing and thrust bearings are Vespel polyimide
plastic self-lubricating material. The female member
or nut of the gimbal actuator is also Vespel. The
only lubricant required would be in the bearings of
the motor, in the bearings and gears of the gearhead

and the bearings of the resolvers. The lubricant
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will be either ion plated or sputter deposited Mos, .
Life

TBD, but has becen designed for a minimum of 5000 cycles
of total travel of the actuator. Limited travel around
a particular point could extend the actuations to
100,000.

Duty Cycle

The maximura duty cycle is determined by the tempera-
ture rise of the motor in vacuum. This is still TBD,
because the thermal vacuum test on a system has not
been completed.

Locked Position Power

The gimbal does not require any power to maintain the
thrust vector in any fixed position.

Alignment

The gimbal system is capable of repeatable alignment
within +0.10° of true position within the operating
envelope.

Temperature

The gimbal motor and the resolver running temperature
extremes are -65° C to +125° C. Non-operating survival
temperature extremes are -TBD® C to +TBD° C.

Storage in Space

The system is capable of a minimum of 1§ years storage
life in space, with or without operation. The allow-

able space environment is TBD.
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7.5.12

7.5.13

7.5.14

7.5.15

Operation with the Thruster

The gimbal is also capable of changing the direction
of the thrust vector while the thruster is operating.

Operation in a One 'G' Field

The system is capable of operating in any attitude in
a one "g" field with a 9.1 kg thruster installed.

This requirement was brought about by unknown require-
ments of attitude during the testing phase of a thrust
module. Gimbal angle constraints may arise from the
requirement for compatability with testing other
components such as heat pipes, or mercury targets in

a vacuum,

Gimbal Motor Specifications

Manufacturer - Singer Company, Kearfott Division

Type - Variable reluctance stepper motor size 11
Stepping angle/pulse - 15° pulse

Number of phases - three

Maximum stepping rate - 700 steps/sec

Total power input - 8.3 watts

Voltage - 28 volts

Operating speed - 400 steps/sec

Torque at 400 steps/sec - 0.3 in-oz

Gimbal Motor Gear Train Specifications

Manufacturer - Singer Company, Kearfott Division
Size - 11 (compatible with the motor)

Ratio - 158:1
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7.5.17

7.5.18
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Gimbal Actuator

Pitch of the jack screw - 13 threads/inch

Total linear travel - 4.50 + 0.06 inches (tentative)

Stiffness - 0.005 max. inches of tolerance clearance

stackup is allowed in the direction of travel of the

actuator.

Backlash - the actuators are anti-backlash due to the
Jack screw principle.

Gimbal Feedback Sensor Characteristics

Type - Resolver - Singer - Kearfott type CM4 1093
C09 Size 8.

Resolution - Infinite, accuracy of present unit is 9
minutes, should be able to obtain a unit with 3-minute
accuracy, if necessary.

Environmental Testing

The gimbal system was designed to carry a thruster

load of 91 kg.

The system was vibration tested to one "g" sine input
to identify the natural frequency of the system. See

figures 7.5.18-1, 7.5.18-2, and 7.5.18-3.

The vibration levels have been selected in anticipa-
tion of flying for shuttle flight applications. The
gimbal system will be vibrated to the specificarions

in table 7.5.18-1.
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7.6

7.6.

7.6

7.6.

7.7

1

.2

3

Physical Characteristics and Constraints

Mass

The weight of one gimbal system including two resolvers
is 3.4 kg. The flight weight of the gimbal electronics
is TBD, but is anticipated to about 1 kg.

Size

The dimensions of the gimbals are defined by the

gimbal drawings (applicable document 7.8.1). The size
of the flight gimbal electronics unit is TBD.

Harness

The harness for controlling the gimbals is TBD because
the position of the control electronics is TBD.
Development History \

The SERT II gimbal system is described in reference
7.1.2. This reports the performance of the only known
thruster gimbal system flown to date. The SERT II
spacecraft was launched February 3, 1970. The gimbal
design was similar to that of a Hooke universal joint.
It consisted of an inner and outer ring, four bearings,
two gimbal mounts, and two linear actuators. This
configuration is not inherently stiff, and two pin

pullers were used for additional support during launch.

Because the reliability cf the pin pullers is always
questionable, and once they are fired they cannot be

relatched, a geometry was investigated that would
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7.8
7.8.1
7.9
7.9.1

allow the required two degrees of freedom and have three
degrees of dymamic stabllity. Pin Pullers would not

be required.

NASA developed such a gimbal system for the 8-cm
thruster (ref. 7.1.4). The conceptual gimbal is
described in reference 7.1.3. The 8-cm thruster
system, including the gimbal is shown in figures
7.7-1 and 7.7-2, An auxiliary propulsion system will
be flown on the United 3tates Air Force STP P 80-1
flight in late 1981. The ion auxiliary propulsion
system will consist of two 8-cm thruster systems and

associated diagnostics.

The geometry used for the 8-cm gimbal system was ex-
tended to the 30-cm gimbal system. The linear actua-

tors, cross pin hinge, support pin, and even the coiled

feed line are similar.

Applicable Documents Enclosed

Gimbal System Drawing List. NASA Lewis Research Center.

Ground Support Equipment

Gimbal Control Electronics

This section is a functional description of a control
system that has been successfully developed for control
of a gimbal. It is presently implemented with trans-

istor logic (TTL) for ground based applications, but




a flight-type complementary metal-oxide-semiconductor
(CMOS) design of the same concept is in the preliminary

design stages.

The gimbal control electronics receives a 10 bit binary
digital word (9 magnitude bits plus sign) from the
spacecraft for each axis angle (' and ). These are
words A and B (see fig. 7.9.1-1). These words are
stored in latches and held until updated by new words
received from the spacecraft. The spacecraft inter-
face is TBD. These two words provide the controller
with gimbal angle information. The actual angles of
the gimbal are derived from the two resolvers. The
information from the resolvers is in analog form and
is converted to 10 bit binary digital words (9 magni-
tude bits plus sign) by an analog to digital converter.
This converter is multiplexed between the two resol-
vers and its output is stored in two latches (words

C and D). Word A from the spacecraft and word C from
the resolvers are compared in a digital c-paritor as
are words B and D. Ba :. on whether A is greater
than, less than, or equ ' to C, and whether B is
greacer than, less than, or equal to D, the stepping
motor drive logic determines which, neither, or both
stepping motors should be driven and in which direc-

tion. The stepping motors will continue to drive
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until C is equai. to A and D is equal to B. The infor-
mation from the resolvers is updated and stored in
latches C and D at a 200 Hz rate. Lim.t switches pre-
vent overdriving of the gimbal mechanism should the
controlle receive a word to go to an angle larger

than can .¢ accommodated. A 28 volt power is applied

to the stepping motors only during the tine they are
actually stepping in one direction or the other. The
stepping motors step at a 400 Hz rate, and the resolvers
use a 10 volt peak to peak, 400 Hz sine wave for

excitation.

The gimbal controls for twc thrusters (a BIMC) could

be incorporated into one unit and all four resolvers
could share one analog to digital converter. This would
reduce the electronics required, but might adversely

affect the reliatility of the overall system.

The 10 bit binary digital word used in this system is
a lincar representation of the sine curve between
minus 35 degrees and plus 35 degrees, and intersects
the sine curve at minus 30 degrees, zero degrees, and
plus 30 degrees. This linear representarion must be
taken into account when the spacecraft penerates a
word to send to the gimbal control electronics. How-

ever, this linear representation greatly simplifies
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the electronic circuitry and hence saves on weight,
power, and parts count, and increases the reliability.

Miscellaneous

An assembly and vibration test fixture has been manufac-
tured. It is used to assemble gimbals, and in conjunc-
tion with gimbals, it is used as the fixture to dynami-

cally test thrusters.

Two gimbal control units have been designed and built.
They are presently in a breadboard state, but flight

packaging has been considered.



TABLE 7.5.18-1 Gimbal System Vibration Levels

SINUSOIDAL VIBRATION QUALIFICATION

TEST LEVELS FOR ALL AXES

Sweap Rate: 3.0 Oct/Min

Frequencv Level
5 - 10.5 0.8 in d.a.
10.5 -~ 2000 4.5 g,0 to peak

GAUSS IAN RANDOM VIBRATION QUAL IFICATION

TEST LEVELS FOR ALL AXES

Time: 12 sec/axis
—_?}equency Power Spectral Density ~g's RMS
20 Hz . 00054
20-150 Hz +9db/0ct
150-600 Hz .225
600-2000 Hz -9db/0ct 13.1
2000 Mz .0061
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INSULATION BLANKET
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9y RESOLVER

\— THRUSTER

= radiation heat transfer between the gimbals and BIMOD cavity

= radiation heat transfer between the gimbals and the rear
insulation blanket

= conductive heat transfer between the gimbal and thruster

* radiation heat transfer between adjacent gimbals

Qry & QOp, = radiation heat transfer between the gimbals and thruster

= jinternal heat generated by the resolvers

= radiation heat transfer between the gimbals and the
resolvers

= radiation heat transfer between the gimbal and .. .: space
environment

FIGURE 7:4.3-1 MAJOR HEAT FLOW PATHS OF THE
STRUCTURE, GI!MBALS, AND THRUSTERS
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THRUST VECTOR

THRUST VECTCA
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8.2

8.2.1

Functional Requirements

The functional requirements of the heat pipes used in

the BIMOD configuration can be separated into the fol-

lowing three categories: mechanical, thermal, and

reliability.

Mechanical

Mechanical functional requirements include the follow-

ing:

1) A maximum weight per heat pipe of 1.39 kg (3.06 1b).

2) Adequate strength of the heat pipe envelope to with-
stand the internal pressure of the operating fluid
and the body loads to which it would be subjected
during acceleration and vibration environments.
Structurally, the heat pipes are not required to
carry any other external loads.

3) Dimensions to fit the BIMOD configuration, which in-
cludes:
a) A 114.778-cm (45.188-in.) long evaporator sec-
tion at which the heat dissipated by rhe power pro-
cessing units (PPU's) is input to the heat pipe.
b) A 13.635-cm (5.368-in.) long adiabatic section,
which includes a 90° bend and which serves to iso-
late the PPU's and radiators when the heat pipes are

in their OFF mode.
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4)

¢) A 182.88 cm (72.00-in.) long condeaser section
at which the'transported heat is transferred to the
BIMOD radiators.

d) Al.27-cm (0.50-in.) outside diameter, which is
required as a result of the 1.585-cm (0.624-in.)
spacing between the PPU hecat rejection surfaces in
the BIMOD configuration.

Mechanical configuration to allow for operating the
heat pipes in a one-g environment during varicus

types of ground testing.

Thermal

Thermal functional requirements, which are of primary

significance in the selection of the heat pipes used,

include the following:

1Y)

2)

Heat transport capacity per heat pipe ranging from
220 watts or more whuen its evaporator temperature is
50° ¢ (122° F) or less to 1 watt or less when its
evaporator temperature is 10° ¢ (50° F) or less.

An effective sink temperature of -75° ¢ (-102° F)
for the heat pipe condenser and gas reservoir radia-
tors. The factors which were used to determine this
effective sink temperature were based on the use of
a BIMOD in a particular spacecraft configuration and
in a deep space environment. These factors are shown

in the memorandum included as applicable document
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3)

4)

8.8.3, "SEP FM/PPU Thermal Control System Design
Summary," dated November 1, 1977.

An overall (refer to fig. 8.2.2-1) thermal resis-
tance of 0.044° C/watt (0.08° F/watt) or less. This
thermal resistance is characteristic of Communica-
tions Technology Satellite (CTS) heat pipe (FM-006
system) operation and is considered to be applicable
to the BIMOD configuration.

Material properties which are not affected by ther-
mal cycling or expected extremes of operating tem-

perature.

Reliabilicy
Reliability requirements include the following:

1)

One redundant heat pipe for each of the two BIMOD
system radiators. The 507 redundancy increases sys-
tem reliability considerably by allowing for the
failure of two haat pipes per BIMOD configuration
without significantly affecting the overall system
thermal performance. These failures could be per-
manent (e.g., due to latent manufacturing defects
such as weld leaks, impurities which cause genera-
tion of additional noncondensable gases by breaking
down the methanol, etc.) or reversible (primarily

the result of artery depriming).
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3)

Compatibility of wall and wick materials with the
working fluid. This is necessary to prevent fail-
ures due to:

a) Breakdown of the working fluid, either by direct
reaction, catalytic reaction between the fluid and
wick or fluid and envelope, or due to the presence
of impurities in the fluid, wick, or envelope.

b) Decomposition of the wick, either by chemical
corrosion, physical deterioration because of the dy-
namic action of the fluid, or electrolytic action
caused by dissimilar metals.

¢) Decomposition of the heat pipe envelope, espec-
ially due to a corrosive external environment.

A heat pipe reliability factor which will provide a

system mission lifetime of four years.

Functional Description

Mechanical

The mechanical configuration of the heat pipes is de-

signed primarily to support its thermal performance.

The heat pipes are not used as BIMOD structural members.

The heat pipes connect the evaporator saddles, which are

bolted to the PPU baseplate, to the condenser saddles,

which are bolted to the radiators. A conceptual sche-

matic of the overall heat pipe mechanical configuration
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8.3.1.1

8.3.1.2

8.3.1.3

is shown in figure 8.3.1-1. Applicable document 8.8.4

lists the heat pipe system detailed mechanical drawings.

The operation of the heat pipes is affected by their
mechanical environment. Shock or vibration of suffi-
clent intensity can cause the maximum allowable wicking
stresses to be exceeded and the arteries will deprime
when the heat pipes are under a thermal load. Similarly,
tilting the heat pipes so the returning fluid has to
work against a one-g field will cause the arteries to
deprime when fluid head height and the heat pipe thermal

load are large enough.

Th » mechanical function of each component can be summar-
ized as follows:

Tube Envelope

The heat pipe tube envelope provides containment for the
working fluid and control gas. It also provides struc-
tural support for the heat pipe slab wick, arteries,
priming foil and cap, and gas reservoir.

Tube Interior-Wall Grooves

The interior-wall grooves provide capillary-flow paths
for the working fluid between the tube interior walls
and the diametral slab wick.

Slab Wick

This slab wick is the primarv flow path for condensed
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8.3.1.4

8.3.1.5

8.3.1.6

8.3.1.7

working fluid from the tube wall grooves to the arter-
les. It also provides a secondary capillary return flow
path for condensed working fluid from the condenser to
the evaporator section.

Arteries

The arteries are the primary capillary return flow path
for condensed working fluid from the condenser to the
evaporator section. Figure 8.3.1.4-1 shows the location
of the arteries on the slab wick and in the tube cross-
section for both the BIMOD and CTS designs.

Gas Reservoir

The gas reservoir provides for atorage of the control
gas when the heat pipes are working in their operating

temperature range.

Priming Foil and Cap

The priming cap, which has a priming foil welded over a
window cut in i{t, is welded to the evaporator end of an
artery. The holes in, and the thickness of, the priming
foil, as well as the cap I.D., are sized to permit gas
and vapor bubbles in the arteries to vent to the vapor
space during artery priming at a rate much faster than
is possible by bubble diffusion through the liquid in
the artery wall screen holes.

Working Fluid

Methanol has the required wetting and surface tension

§-15



L b T L

8.3.1.8

8.3.2

8.3.2.1

- i e - . c—- - o —— . —— l

properties to provide adequate return capillary flow of
the condensed fluid in the slab and artery wick struc- \
tures. The operating vapor pressure (fig. 8.3.1.7-1) of
methanol is very low, resulting in minimal stress in the
containment structure. This helps to minimize weight.
Control Gas

"he helium in the nitrogen/helium gas mixture used (90%/
10%) allows for leak detection of a sealed heat pipe
following manufacture.

Thermal

The thermal function of each heat pipe component can be

sumnarized as follows:

Tube Envelope

This is the primary heat flow path to and from the work-
ing fluid. In the ideal case, it should have a high
thermal conductivity and a small thickness in the evap-
orator and condenser sections to minimize thermal resis-
tance. To minimize heat transfer from the evaporator to
the condenser when the heat pipe is in the OFF mode,
however, the adiabatic section of the heat pipe should
have a low thermal conductivity, a small thickness, and
a8 long length. The use of stainless steel for the en-
tire envelope compromises only the high thermal conduc-
tivity requirement in the evaporator and condenser sec-

tions. This compromise has little effect on the overall
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8.3.2.4
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thermal resistance, as is evident from the experience

with the CTS heat pipes.

Tube Interior-Wall Grooves

Besides providing capillary-flow paths for the working
fluid between the tube interior walls and the diametral
slab wick, they also increase the surface area for
transferring heat from the walls to the working fluid.
Slat Wick

The flow of the condensed working fluid through this
component of the wicking structure contributes 20-30% of

the heat transfer capacity of the heat pipe.

Arteries

The flow of the condensed working fluid through these
components cof the wicking structure contributes 70-80%
of the heat transfer capacity of the heat pipe. Various
forces can cause one or both of the arteries tc deprime,
however, which reduces artery fluid flow to zero and re-
duces heat pipe heat transfer capacity tc 20-307 of the
full rated capacity. (Fig. 8.3.2.4-1 {llustrates this
response for one of the CTS heat pipes.)

Gas Reservoir

When the heat pipes are working in their operating tem-
perature range, the control gas is compressed into this
component and a temperature-dependent length of the con-

denser section, thereby limiting the length of the con-
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8.3.2.7

denser section which is transferring heat :o its respec-

tive radiator. The smaller the reservoir-to-condenser

volume ratio, the smaller the operating tsmperature

range will be. |
Priming Foil and Cap

These components contribute to the thermal function of

the heat pipes by eliminating one cause of artery de-

priming, that due to the accumulation of control gas

bubbles in the arteries.

Working Fluid

From a thermal standpoint, methanol was chosen as the
preferred heat pipe working fluid for a number of
reasons:

1) As is indicated in figures 8.3.2.7-1 through
8.3.2.7-3, methanol hest tramsport capacity in-
creases as its operating temperature rises in the
temperature range required for PPU operation. This
is desirable because it reduces the possibility of a
thermal-runaway condition which might result from a
PPU defect causing higher-than-normal heat dissipa-
tion, a heat pipe artery depriming, etc.

2) As is indicated in figure 8.3.2.7-4, the freezing
point of methanol is very low, allowing for lower

radiator operating temperatures.
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3) Methanol's coefficient o. expansion is negative dur-
ing freezing. This permits the methanol to freeze
without causing structural damage to the heat pipe.

4) The amount of working fluid used is governed primar-
ily by the ability of the heat pipe arteries to
prime in one-g. The volumes of methanol used in the
solar electric propulsion (SEP) heat pipes are noted
in table 8.3.2.7-1.

Control Gas

The nitrogen/helium gas mixture used (90%/10%) has an av-
erage molecular weight similar to methanol vapor. This
elininates potential working fluid/control gas stratifi-
cation problems which would affect the heat transfer
performance of the heat pipes. Figure 8.3.2.8-1 shows
the effect of the presence of control gas in the heat
Pipe on its temperature profile during operation. The
mass of control gas affects the ''turn-on" and "full-on"
temperatures of the heat pipes. The control gas mzsses
used in each heat pipe are shown in table 8.3.2.7-1.
Operational Characteristics

The operation of the heat pipes is shown schematically

in figure 8.3.3-1. The heat pipe components function as

follows:

Evaporator Saction

During PPU operation, the evaporator saddle temperature
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rises and heat is conducted into the tube walls and to
the working fluid in the interior wall grooves. As the
fluid evaporates, it is replaced by capillary action
through the grooves from the slab wick. The working
fluid vapor is forced to the condenser end of the heat
pipe by a pressure differential resulting from the aif-
ference in temperature at opposite ends of the heat pipe

(fig. 8.3.2.8-1).

A limiting heat flux occurs when the amount of working
fluid being supplied through the interior wall grooves
is not adequate to support the rate of evaporation. At
this point, a "local” (or "partial") '"dryout" (or "burn-
out") occurs. This local dryout condition is indicated
by a local rise in temperature (over the working fluid
vapor temperature, which is reflected in the adiabatic

section of the heat pipe).

A further limiting heat flux occurs when the amount of
working fluld being supplied through the slab wick is
not adequate to support the rate of evaporztion. At this
point, depriming of one or both arteries causes an over-
all heat pipe "dryout" (or "burnout') condition, inwhich
the evaporator temperature rises to a point where other
heat transfer paths and mechanisms act in parallel with

the heat pipes tro bring the evaporator temperature to &

8-20



8§.3.3.2

8.3.3.3

steady-state level. This new equilibrium temperature
generally would cause the PPU electronic components to
exceed their maximum safe operating temperature.

Adiabatic Section

The working fluid vapor passes through this section on
its way from the evaporator to the condenser. Minimum
heat transfer takes place in this section, since (1) it

is not attached to a conduction heat source or a radia-

tor surface, and (2) it is generally constructed of a
low thermal conductivity material (table 8.3.3.2-1) such
as stainless steel. 1Its purpose is to minimize the heat
leak from the PPU's to the radiators when the PPU's are
not operating and, therefore, the heat pipes are in
their OFF mode. The temperature of the adiabatic sec-
tion wall is generally considered to be the same as the
working fluid vapor temperature.

Condenser Sectiva

When the working fluid vapor reaches this section, it
condenses on the cooler heat pipe walls. The heat is
conducted to the BIMOD radiator to which the heat pipe
is attached, where it is radiated to space. The con-
densed fluid is drawn by capillary action through the
grooves in the tube walls to the slab wick and then to
the wire mesh arteries. The fluid is returned, thrcugh

capillary action by both the slab wick and the two ar-
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teries, to the evaporator section for re-evaporation.

Gas Reservoir

When a gas-filled variable conductance heat pipe begins
to operate, the non-condensible control gas is swept to
the condenser end of the heat pipe and fills the gas
reservoir and a portion of the condenser section. No
working fluid circulation occurs in these gas-blocked
volumes and, therefore, no heat transfer takes place by
condensation of the working fluid. As the evaporator
temperature rises, the partial pressure of the working
fluid rises, which causes the contrcl gas to be com-
pressed into a smaller volume and opens a greater length
of the condenser section to heat transfer from the work-
ing fluid to the condenser radiating surface. At its
design operating temperature of 50° ¢ (122° F), each
heat pipe is designed to transport 220 (or more) watts
to its radiator when its entire control gas charge is

compressed into just the gas reservoir volume.

The temperature of the gas reservoir also affects the
gas-blocked length of the condenser. The temperature of
the gas reservoirs on these heat pipes will be passively
controlled by a small radiator attached to it, rather
than actively controlled by a feedback controlled elec-

tric heater. The heat pipe design conditions call for a
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gas reservoir effective sink temperature of -75° ¢
(-102° F). N

Interface Definition

Mechanical

The evaporator sections of the heat pipes are soldered
to the aluminum saddles using (1) a four-step plating
prccess on both the aluminum saddles and the stainless
steel heat pipes (nlating sequence and procedure numbers
are included ir. table 8.4.1-1), and (2) a 60/40 tin-lead,
soft-solder (Federal Spec. QQ-S-571; melting range

= 163° ¢ (361° F) to 190° ¢ (374° F)). The soldering
procedure places limits on (1) totsl and individual void
areas in the solder joint (X-rays of soldered joints
show fotal void areas less than 10% of the total contact
area), and (2) the time the 6061-T6 aluminum saddles are
maintained in the solder melting temperature range.
(Table 8.4.1-2 shows the temperature-versus-time con-

straints.)

The evaporator saddles are bolted to the functional
model power processor unit (FM PPU) cross beams with a
thin layer of room temperature vulcanizing (RTV) 566 in
the interface. Two saddles are required, each contain-
ing three heat pipe evaporator sections, as shown in

figure 8.4.1-1. Each saddie half has nut plates fas-
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tened to it. Also, a small rectangular tube is soldered
to each saddle half. Water will pe circulated through
these tubes for cooling the PPU when the heat pipes or-

ientation makes them inoperable during ground tests.

The condenser ends of the heat pipes are mechanically
attached to their respective radiators. Both the 0.020-
in.-thick radiator and the longitudinal radiator stiff-
eners are formed to enclose the condenser sections of
the heat pipes. Thin layers of RIV 566 are used for
both the heat pipe-to-condenser saddle interfaces and
the condenser saddle-to-radiator interfaces. Number 2
machine screws attach the stiffeners/saddles to the
radiator.

Thermal

The BIMOD heat pipes interface with the PPU's through
the evaporator saddlas and directly with their respec-
tive radiatsrs. The 1.27-cm (0.5-in.) diameter heat
pipe provides 457.94 cm? (70.98 in.2) of heat input area
over its 114.78-cm (45.188-in.) evaporator length and
726.66 cm2 (113.10 in.z) of heat discharge area over its
182.88-cm (72.00-in.) condenser length. The internal
evaporation and condensing areas are 377.50 cm2
(58.51 in.2) and 601.49 cm? (93.33 in.2) respectively,

taking into account the area blocked by the slab wick
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edges. At the specified 220 watt capacity per heat pipe,
these areas give average internal heat fluxes of 0.583

2

watt/em™ (3.760 watts/in.z) in the evaporator section

and 0. 366 watt/cm2 (2.360 watts/in.z) in the condenser
section. Based on an estimated maximum heat dissipation
of 410 watts per PPU, the local maximum heat flux for
the evaporator section, which is influenced by the prox-
imity of the highest heat-dissipating components in the
PPU A-3 module, has been estimated from analysis and
test data to be approximately 0.603 watt/cm2 (3.891

2

watts/in.“). The local maximum heat flux in the conden-

ser section is close to the average flux, varying only
according to the temperature distribution encountered
along the length of the heat pipe radiator.

Performance Description

TRW fabricated seven heat pipes in providing tHe six re-
quired for the first "live' BIMOD assembly. TRW's
MUL1I-WICK program indicated that the individual heat
pipe performance in zero-g could be approximated in
one-g by tilting the heat pipe so the evaporator end is
0.762 cm (0.30 in.) higher than the condenser end. Fig-
ure 8.5-1 shows a sample curve of the effect of tilt on
heat pipe performance. For the SEP heat pipe configura-

tion, 0.762 cm (0.30-in.) head represents a 0.2292 (or

13.75') tilt angle.
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Figure 8.5-2 shows two temperature response curves ob-
tained during testing on one of the SEP development heat
pipes. In particular, it shows the effect of sink teun-
peratur> on heat pipe perforiance. Following fabrice-
tion, each heat pipe was put through functional accep-
tance tests by TRW. The results are summarized in

tables 8.5-1 and 8.5-2.

Physical Characteriatics and Constraints

Physical dimensions are shown in table 8.6-1 and figure
8.4,1-1. At full power (410 watts dissipaced by each
PPU), the heat pipes will operate at 50° ¢ (122o F) or
lower with the entire 1.83 meters (72 in.) length of
condenser section being effective. Heat pipes having a
14,000 watt-in. capacity are required. Should an artery
or arteries not prime, power has to be reduced to allow
the arteries to prime or the system may be allowed to

operate at a higher than 50° ¢ (122° F) temperature.

The PPU will not be operating for extended periods, at
which time the radiator and condenser section of the
heat pipes will drop to below -98° C (-144° F), the

freezing point of methanol. To prime the heat pipe. the
condenser section will be heated to above -98°¢C (-1é4°r0

before power is applied to the FPU. Heaters will be lo-

cated on the radiator next to the heat pipes and heaters

will also be on the reservoir fins.
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At 10°C (50°F), the heat pipes will be turned off. The
only heat transferred to the radiator from the PPU will be
that due to conduction through the heat pipe metal walls

(<1 watt).

The adiabatic sections of the heat pipe will be thermallv
insulated. The reservoirs will be insulated with mulcei-
layer insulation (MLI) from any direct or indirect heat.
A fin on the reservoir will view space to maintain a cold
reservoir.

Development History

The heat pipes used in the BIMOD configuration are a gas-
filled, variable conductance tyne which have had flight
experience: (1) in the International Heat Pipe Experi-
ment (IHPE) sounding rocket test in 1974, and (2) on the
Transmitter Experiment Package (TEP) of the Cormunica-
tions Technology Satellite (CTS), which has been oper-

ating successfully since its luunch in January 1976.

The physical configuration and details of the two heat
pipes flown in the sounding rocket tests are indicated
in tavle 8.7-1. They were subjected to approximately
6 minutes of zero-g and kelpcd to verify the capability
of TRW's artery priming foil to ~uccessfully perform
the venting of non-condensable gas, which is necessary

for successful priming of the artery with woring fluid.
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1

Figures 8.7-1 through 8.7-4 summarize the flight data,
showing the temperature distribution along the slab
wicks, the power applied to the evaporator heaters, and
the voltage indicated on the artery thermistor (which
was used to indicate successful artery priming) for both

heat pipes.

References 8.1.1, 8.1.2, and 8.1.3 provide the details
of the CTS heat pipe application. The location of the
heat pipe assembly on the CTS spacecraft is shown in
figure B8.7-5. The various components and dimensional
details of the CTS heat pipe system are shown in figures
8.7-6 and 8.7-7. Other physical property data is shown
in tables 8.7-2 and 8.6-1. Figures 8.7-8(a) through (e)
and tables 8.7-3 and 8.7-4 sunmarize the heat transfer
capacity and control temperature response data resulting
from the post-fabrication verification tests performed

on the 15 heat pipes that TRW built for the CTS program.

I-~ addition to the flight experience using this heat
pipe design, there has been a history of component tech-
nology developments (refs. 8.1.4 through 8.1.9). This
history can be summarized as follows.

Materials Compatability and Frocessing Procedures

Studies in this area have been supported by:
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2)

3)

An ongoing life test on CTS VCIIPS FM-006 assembly.
This system has been successfully operating in ex-
cess of 34,720 hours (3.96 yrs) at a power input of
150 watts and a nominal operating temperature of
52° ¢ (125° F).

Accelerated life tests on a sample, short CTS heat
pipe. The results of these tests are reported in
reference 8.1.10.

Early TRY material compatibility tests and studies
involving generation of non-condensable gases in
heat pipes, s indicated in reference 8.1.8. Appli-
cable documeats 8.8.1 and 8.8.2 show Lewis-authored
studies which were performed prior to launch of CTS
and which evaluated the gas-generation potential of
the CTS heat pipes. Reference 8.1.11 is a good sum-

mary reference on manufacturing problems.

8.7.2 Artery Wicking Systems

Studies in this area included:

1)

Resolving manufacturing difficulties resulting from
the necessity of bending the heat pipes, and there-
fore the wire-mesh arteries, in some designs. It
was found that, to prevent crimping of an artery
during bending, the wires had to be oriented at a
45° blas to the artery centerline. For long heat

pipes, this requirement f{orced the development of an
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3

artery splice technique because the length of indi-
vidual artery sections was limited by the width of
available, commercially produced wire mesh. Material
size limitations also resulted in the development of
a splicing technique for the metal felt slab wick
used in the CTS-type heat pipe designs.

Venting non-condensable gas bubbles from the working
fluid in arteries. Many literature references can
be found in this area (e.g., refs. 8.1.12 and 8.1.13).
TRW developed a patented venting technique (ref.
8.1.14) using a "priming foil," which is part of the
artery wall on the evaporator end of the heat pipe.
The thickness of the foil, and the diameter of the
holes placed in it, are sized so that the menisci
which form on the surfaces of the working fluid film
that covers the holes contact each other, causing
the film to break. This allows the gas bubbles be-
ing transported in the working fluid to be vented
oat of the arteries into the surrcunding vapor space.
Increasing the artery diameter to increase the fluid
return capability of the arteries. Limitations were
encountered in that increasing the artery size also
increased the head height to which an artery had to
prime in a one-g environment. This negative effect

could be compensated for, to some degree, by placing
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the artery closer to the bottom of the heut pipe
wall. However, if the artery touches the wall at
any locstion, it won't prime. The defined separation
distance is limited by the manufacturing tolerance in
placing the arteries in the heat pipe cross-section.
Overall wick design. When compared with other wick
designs, that used in the CTS-type design provides a
low thermal resistance along with the high pumping
capacity of the artery configuration. This is done
by separating the evaporation and condensation areas
from the primary fluid return passages, thereby
making them more efficient. And placement of the
arteries low in the cross-section improves one-g op-

ecrating capabilities.

Working Fluid and Control Gas Properties

Studies in this area included:

1)

Effects of working fluid properties (table 8.7.3-1)
on artery priming. Early work on arterial, variable
conductance heat pipes using high-vapor-pressure
working fluids showed that they suffered instability
problems which would lead to artery depriming under
high thermal loads. This is one of the disadvantages

of using ammonia in arteriai heat pipes.

2) Frezxzeout of working fluid through diffusion into the

below-freezing, gas-blocked region of the heat pipe
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(e.g., rcf. 8.1.15). TRW performed tests and
studies in this area as part of the CTS program.

The conclusions indicated a large time constant for
this phenomenon and, therefore, it should not be a
problem with the working fluid and control gas used
in these heat pipes.

Formation of control gas bubbles in arteries during
thawing of frozen working fluid. This has been ten-
tatively identified as the probable cause for the
artery depriming which led to the four CTS thermal
anomalies experienced in 1977. Control gas absorbed
by the working fluid is entrapped during freezing
and is released when thawing occurs. If the heat
pipe is under load, the bubbles that form in the
arteries can result in the artery depriming because
the priming foil can't vent the gas fast enough.

The problem is a statistical one because depriming
would be a function of how many bubbles were .:o-
duced, whether they combine into larger ones, and
the thermal loading condition on the heat pipe,
which could affect the rate at which the bubbles are
brought to the evaporator end of the heat pipe. The
rate of formation of tubbles would be affected by
the thermal environment, including changes in the

heat pipe evaporator loading, condition, solar im-
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pingement on radiator surfaces, and so forth. If
this phenomenon checks out as the cause, the obvious
solution to prevent future anomalies would be to
insure that all of the heat pipe working fluid is
thawed prior to subjecting the heat pipe to a ther-
mal load. Heaters mounted on the condenser section
of the heat pipe would be activated and the working
fluid taken to a temperature above its freezing
point. The hecaters would be turned off prior tc ac-
tivating the equipment which provides the thermal
load for the heat pipe, thus reducing the power re-
Quirements for the overall system. A report on
TRW's initial anomaly investigation work is included
in reference 8.1.16. The physical description of
the anomalies is included in reference 8.1.17. TRW
in continuing work in this area under contract NAS3-
21740.

Gravitational Effects

Gravity is a major consideration because of the neces-
sity of performing ground tests prior to launch in a
spacecraft application. References 8.1.18 and 8.1.19
touch on the effect of gravity on the performance of

gas-loaded variable conductance heat pipes.

When the working fluid and control gas have widely
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differing molecular weights, strange temperature
distributions can result.

2) Much research has been done in the area of the effect
of tilt on s heat pipe's therual performance. Gra-
vitational fozces reduce or enhance the fluid return
capability cf the heat vipe, depending on its orien-
tation. Figure 8.5.1 illustrates the results of
this behavior.

3) The heat pipe configuration and wick design must al-
low for being able to test the heat pipe in a one-g
environment, preferably at thermal transport levels
approximating zero-g transport capability.

Local Heat Flux Limitations

Local heat flux limitations are governed primarily by the
design of the wicking structures in the heat pipe. Local
heat fluxes can be reduced by improving the temperature-
averaging capability of the structures through which the
heat is brought in and out of the heat pipes. This con-
sideration is especially important in heat pipes with
diametral slab wicks, which result in two separated
vapor-flow channels. If more heat enters the heat pipe
on one side than on the other, as occurs in the BIMOD
configuration when one PPU is on and the other is off,
the location cf the front between the working fluid vapor

and the control gas can vary in each passage. This would
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cause a strange temperature distribution and/or potencial
control problems. The heat pipe saddles in the BIMOD
configuration were specially designed to provide a more
uniform heat distribution around the heat pipes under all
PPU operating conditions.

Computer Modeling

In addition to development of physical hardware, there
has been mich computer modeling effort involved in this
heat pipe design. TRW's GRADE (ref. §.1.20), GASPIPE
and MULTIWICK computer programs have been useful tools
in the design of these heat pipes. In addition, a "CTS
Heat Pipes/South Panel" model was evaluated using the
SINDA Thermal Analyzer program. This model is being up-
dated to provide thermal analysis support for TRW's ef-
forts in investigating the cause(s) of the CTS thermal
anomalies.

System Considerations

The CTS-type heat pipe design was selected for the BIMOD
configuration because it provides a high heat-transfe-
capacity/heat-pipe-weight ratio, superior to that of
other known designs for the diameter, length, and ther-
mal response properties specified. Its improved per-
formance is a product of a TRW IR&D effort and a devel-
opment effort (ref. §.1.21) conducted as Phase I of

TRW's contract to fabricate the first set of these heat
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pipes used on a BIMOD assembly. Besides those noted
above, other design factors that were evaluated for this
system included cost, ease of integration, and system
expansion flexibility. Thermal control system tradeoff
studies indicated heat pipes, and especially those with
the improved CTS-type capability, reduced system weight
while reducing system costs and are easily integrated
into the BIMOD configuration. The system can be easlly
expanded by increasing heat pipe length and, therefore,
radiator size. This would have to be traded off against
requirements for redundancy, number of heat pipes, etc.,
however.

Design Alternatives

Other heat pipe designs have been evaluated for possible
substitution for, or improvement of, the CTS design.

TRV has developed metal felt wicks which have & variable
porosity between the evaporator and the condenser ends
of a heat pipe (ref. 8.1.22). This design improves the
fluid return capability of felt wicks by a factor of
aboui three. Advantages of this design include:

(1) Potential elimination of arteries and, therefore,
the uncertainty resulting from the bi-stable operating
modes of artery heat pipes. This would permit using
working fluids such as ammonia and, therefore, lighter

envelope materials, such as aluminum. Aluminum/ammonia
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heat pipes can be fabricated with a stainless steel
adiabacic section, minimizing OFF-mode heat transfer
through this region and minimizing thermal gradients in
the walls of the evaporator and condenser sections.

(2) The heat pipes made with just a variable porosity
wick would be easier to manufacture and would, there-
fore, be cheaper in cost. Even with these advantages,
however, a heat pipe with just a variable porosity wick
still cannot perform thermally as well as one with the
arterial design. One possible improvement of the CTS-
type design could be the substitution of the regular
slab wick with one of variable porosity, thereby in-
creasing heat pipe capacity in the deprimed-arteries
mode .

Applicable Documents Enclosed

Tower, L. K.: Decomposition Reaction of Methanol in

CTS Pipe. NASA Lewis Research Center Internal Memor-
andum, no date.

Gas Generation in CTS VCHFS. NASA Lewis Research Center
Internal Memorandum, June 1975.

SEP FM/PPU Thermal Control System Design Summary. NASA
Lewis Research Center Internal Memorandum for Record.

November 1977.

Heat Pipe Drawing List. NASA Lewis Research Center.
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Ground Support Equipment

Acceptance and Characterization Tests

Special equipment to support these tests was dessigned to
provide for simple, flexible, and accurate test opera-
tions.

Structural Support Equipment

Hardware from the BIMOD assembly fixture (a Multi-Purpose
Assembly and Test Stand), two CTS heat pipe system test
stand frames (welded and flat structures), and auxiliary
attachment hardware were combined to form a support
frame with leveling screws on its legs and a tilting top
(adjustable with one threaded rod) to which the heat
pipes are attached during testing.

Thermal Control Equipment

Two evaporator heater assemblies, three condenser cool-
ing saddle assemblies, three gas reservoir heater assem-
blies, and three gas reservoir cooling jackets provided
for thermal input and output for the heat pipes. Elec-
tric resistance heaters were used on the heater assem-
blies. When required, a water/glycol solution (provided
from a constant temperature bath) or cold gaseous nitro-
gen (GN2> (provided from a storage bottle and passed
through a heat exchanger coil in a liquid nitrogen (LNZ)

thermos or dewar) was used in the condenser cooling
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8.9.2.2

saddles. The cold GNZ was also used in the gas reser-
voir cooling jackets.

Thermal Instrumentation

Copper constantan thermocouples were used to measure the
thermal response of the heat pipes. (Temperature-
responsive liquid crystal material has also been used
successfully to locate the working fluid/control gas in-
terface of an operating variable conductance heat pipe.)
BIMOD Tests

Auxiliary Cooling Tubes

Copper, rectangular tubes were soldered into the evapor-
ator saddles along with the heat pipes. A water/glycol
solution from a constant temperature bath will be used
to cool the PPU's when the heat pipes are in a non-
functioning orientation or environment.

Tilting Feature of BIMOD Support Fixture

The tilt of the heat pipes in the BIMOD configuration
can be adjusted remotely during thermal-vacuum testing
as a result of a feature built into the BIMOD Support

Fixrture.
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Teble 8.3.2.7~1 BIMOD Heat Pipe Gas and Liquid Inventory.

HEAT _GAS LOAD LIQUID LOAD
PIPE (1070 LB~-MOLES) (cc)
1 thru 7 6.00 140

Table 8.3.3.2-1 Properties of Typical Heat Pips Envelope
and Wicking Materials.

Thermat Stross Tharmel
Tharmat! Yield Denslty spacific Shass Weight
Response
Conductivity Strese Host Paramater | Perameter
Materisl | Condition x sy r c e s ves
Ba-tt’ , . u-id
m) ("") ("”‘"‘") ("""") (u-‘r (""")
Aluminum Te ®Ox 10 98110 4 1C
(0081) Annesied bl 8x 10 s8x10° | 23x10° 70110° $110° “
Hard 40 x 10’ 0.6 10 12210
i 73] Annesied ¢ Wwxw | 330 92x10% | 254,400 3510 u
Staintess \
Mard 75 x ¥0* 71210 28519
f"f“: Annesisd 8.4 s | 2900 12x10° 33x%0' | 12x10° 2
“Monel™ Hard 90 x 10° ' 91210 281210
(K-800) Annealed 10.1 40 % 10 32x10° 10210 40210° | 13x10° »




Table

8.4,1~1 Heat Pipes and Saddles Plating Sequence
and Procedurs Numbers,

Iten Process Procedure Number
Aluminun 1. Double szincate. cevecmn-
saddles 2. Copper strike. MIL-C-14550
3. Copper plate. MIL-C-14550, Claas 2
4, Tin plste. TR{ PR 6-18-4
Stainless 1. Nickel strike. QQ-N-290
stesl pipes 2. Copper plate. TR4 PR 6-33-)
3. Tin plate. TRW PR 6-18=4

Table 8.4.1-2 Ma'cdnun Reheating Times for the Forming of

Hsat=Treatable Alloys at Various Temperatures.®

Tenpmetere »e-Te Me-TH ! 0N TH ws-Te w-Te
— e e b o m— e e e e e
SQ0°F No No | No No No
4S0°F To temp. $ min $ min Smis ! No
25°P To temp 15min | 15min 15 min To temp
400°F $-15S min 3 man ; 30 min 30 mis 5~10 nun
nsey 30-60 min 1 hr 1ht 1-2 b 30-60 1nin
3S0°F 24 hr 24hr ! 24 he 8-10 hr 1-2 ht
Js°r 810 hr - $O-100 b 24 hr
300°F 20-50 ht 1040 hr 10-20hr | 300-200 hr . 10-12 he
—_ U SIS AR S

Under these conditions of time and temperaturs, the
losses in strength as a result of rehesting generally
vwill not exceed sbout 5 per cent. It is to be under-
stood that thess are maximum accumulated times of
reheating and that, in most cases, equal formability

will be obtsined with shorter periods of heating.

U=

e —— —— e



Table 8,51 SEP Heat Pipe Thermal Capacity Test Resulte.
(Rlevation of 0.3 inch; adiabatic tempersture =
12285 OF; effective length of pipes = 66 inches)

M;r at
Heat Pover Groove Power st ;:v:r
Pipe Configu~ Held Dryout Burnout ctor
Nunber retion (Watte) (Watts) (Watta) (Watt=Inches)

1 1 220 S 230 14, 520
2 2 270 o None; 17,820
stopped
3 1 220 v 230 14,520
b | 220 260 Nome 3 14, 520
testing
stopped
at 300
watts
5 2 280 290 300 18,480
e 2 % 150 175 9,900
7 2 300 220 320 19,800

¢ Performance below specification.
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Table 8.5-2 Tarn-on and Pull-on Temperatures of SIP Heat Pipes.

Temperature (°F)

Module Heat Pipe
Configuration Number Turn=-on Full-on
A 1 103 123
2 103 121
4 108 126
B ] 100 124
5 100 128
? 105 126




fable 8.6-1

Physicel Deteils of CTS and SEP Variable Csaduotence
Heat Pipe Syetams.

TEP O8T and PPS (iAn
parallel with South
Panel)

Contrel tempereture of
PPU's in RINCD oonfigu-
ration

Three per spacecraft

Thres per FM, or
sixz per BDIOD

196 watts min at

Tq P SO°C (122°7) and
43 watte ot

T <100C (50°F)

Yom. 150 wvatts min at
To #50°C (1220F) and
<1 watt at

Te < 10°C (50°F)

7500 watt-inches

#10 watts por PPV at
7.9 500C (12297) and
<3 watts per PPV at
T <10°C (50°7)

220 watts ain at

Te P50°C (122°F) and
<1 watt at

T¢ < 10°C (50°F)
14,000 watt-inches

Heat pipe power factor
Tunp. ssaivol range 21-489C (70-118°F) 33=47°C (91-117°F)
E- off. sink temp. '7505 (-102”)
Iubes
Material 304 steinless stesl, SAME
fully annealed
(o = 35,000 pei;
v ® 75,000 P‘i)
Cress=-seotion 0.500 OD x 0.028 wall SAME
Internal threads 100 TPI, 0,005 deep, SAME
40© included angle
Free vol/length ratio .1027 in3/1n SAME
# #2 #3
Total length 68.00 74,86 79.78 122,556
Bvap. sectiom lemgth 22,00 22.00 22.00 45.188
Adisd. section length 3.720 3.70 3.7 5.368
Cond., section length 42.30 49.16 54.08 72.000
Effective length 35.85 39.28 41,74 £3.962
((Le*le)/2)4ly
Beserveirs J\
Materisl 304 stainless steel SAME
Configuretion Spun hemispherical cap SAME
with 1,75 OD eylin-
drical smt.or section
8.22 in SAME

8-44




Table 8.6~1 Physicsl Details of CI8S and SEP Veriable Comductance
(oemtinned) Haat Pipe Systems.
304 stainless stesl
0.020 thick (spot- SAME
welded to interior
walls)
Tube wick 0.090 thick (inter- SAMNE
fsremoe fit across
dia. of tubs; one
splice required
Material 316 stainless stee) X4 stainless stesl
Cross-eection 0.06) ID x (150)2 mesh | 0.070 ID x (150)2 mesh
(0.0026 d‘.. '1“) (0.0026 duo m.)‘
one splice required
foils
Material 304 stainloss steel SAME
Cross-section 0.063 ID x 0.0005 wall | 0.081 1D x 0.00027 wall
with 0.010 cia. holes with 0.006 dia. holes
Attaaimant Spot-velded t» end of Welded over window in
arteries and diametral | end-cap; end-cap welded
wick to end of artery.
[ Werking £}
Material Methanol (3peetro- SAME
photometric grade)
Freesing point «980C (-14loF)
t 650C (149°F)
Material 0% nitrogen, 10¢€ SAME
heliuz (research grade)
Evaporator saddles
Material 6061=-T6 aluminum alloy SAME
Fabrication methed Extruded Machined or extruded
Attachment 60-40 tin/lead solder SANE
(following Cu/¥i/Sn
plating)
Condenser saddles
Material 6061-76 aluzminua slloy SAME
Fabrication method Extruded Formed sheet (also
serves as radiator
stiffeners)
Attachment 6040 tin/lead solder RTV-566 and bolts to
{following Cu/Ni/Sn radiator
plating)

E-4%
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dm and Details of Heat Pipes Flown on

Configurst
Sownding Rooket Test Flight.

The (304 statalesi-steel):
Longth - 38 inches
Gstside diamster - 0.3 Inches
tel) thickmess - 0.028 inches
Ioteruel threods - 100 per {neh

SNbarick (JM staintess-stes) 1-13 folt seta)):
Thichaess - 0.050 inches
Fiber diameter - 0.00085 inchas
Porasity - 8435

Arteries (308 stainlessostee) 150-mesh screen):
Jeaide diameter - 0.0683 inches
Neight frem bottam of slad wick - 0.170 {nches

Priming folls (308 stairdess-steel):
Thichaess - 0.000§ taches
Slammter of Moles - 0.01. imchas
Nole spacing in rer - 0.032 Inchet
Raw spacing - 0.07% '

Ative Yempth { 1.50 tnches for Configurstion 1-2
0.373 incles for Configuration X1
17° spirals for Cenfiguration X2

tole pattarn { stratght for Configuration I-1

Taermisteor (Veco, part Wu. J2A7):
Band ¢tameter - .0V inches
\sads - .00 1mn platinm
Resistance at 25°C - 2000 ¢

Fiight heat sirh: aluminum bleck 12* x 1.32" 2 V.32"
Flight heater: 10 1nches long and beginning 2 tnches
frem the evaporator end

Flight thermiator locetions:

Thersistor Ne. Distance from evaporater end

1

L BN BE AN BN N NN AN )

1.8 inchas
¢
9.8
1)
8
»
»
o heat stnk
on haat sink

On one of the flight heat pioes (slad wick A) thermstor
No. § ¢id not function properly.
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Table 8.7-2 CTS Heat Pipes Gas and Liquid Inventory.
HEAT gAs 10AD LIQUID LOAD
PIPE (10-° LB-MOLES) (cc)
1 3.54 89
2 4.83 o4
3 5.76 98
Table 6.7-3 CPS Heat Pipes Thermal Capacity Test Results.
NEAT PIPE W0, /CAPACITY .
ASoeLY (WATTS )
<l -2 -3
001 114 " 155
o 15 158 1)
004 185 2 165
008 155 s 15
00§ 113 128 155
Table 8.7-4 CT'S Heat Pipes Control Range Test Results.
HEAT PLPE SPEC TURN-ON TEST TUMN-ON TCMPERATURE
T!”EI?II'JI;E RANGE (*r)
S/M001 S/NOC2 S/NIDé S/RI9% S/5TN6
D315260-1 st ] % [ % 8y
0315260-2 M ] ”? N %0 09°
0315260-3 100 ¢ 4 ” 9 » *% 95
*Qut-of-Spec TerpErstutes BCLiNteh e singe S.NIIi -y 1ive s

wnit only,
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Table 8.7.3-1 Properties of lypieal Heat Pipe Working Fluius.
sonINg | MiLTING SnaiTy VICOMITY | gunpace| wavemt | segeiric | wear of | emmical
o sowy | POWT [ quis [ varor | Liowe 1 “vapon| VEMSION | nEay HEar FusiON |  FLUX
! } i ., — - ~ -
P (o) F (deg) [ YL "7 ] /e it L P S/t [ T M Ba/te w/iqin
€ (oog) € Ldoy) o/em? e’ [1) cs dynalom collg sal/g'C cally w/cw'
Fooem 12 -ne | -2 2 0398 07 YT 71.0¢ 0.2 "
©cw)) -me | - 19 | oomx | s1e n us »a on ns
Syt Chigrige “ -m e o 8.3 0.0003 1090 o oY
CMCHCH) | -1 ome | 000% [T 81 n» w0ss 0% s
Asvione » -1 - 019 os ™ 220 o s a m
CHCOCHY) [ X} - " arn oo (3] EY Y 174 1”249 08 ne %8
Methane! ws | -1 s oo o34 sons m (Y™ 200 »
C0) “n| - e ors | eom2 0 "ne 24 20 0 1.4 o
Mousliours- " »2 | w 02 n 0.0 ns "
Sonsone o NC
cra » EYY 152 | cescs ne Y oS un Y
n ™ as oo o oot 1) 0.004 7
8c-20p - & C3 w o7 | ores | ooer “ 0o 1" 524 0304 1"
" "%
% . ™ s e 00 Y e » "
Sovbermid muj -u ey | see Ty 13 | runc | s s e »
— - 1 _° -
- Be | B | o2 Y3 00103 " 0% a1 )
Dewthormif nry 1) ez | vooame | 03 23 | @mnc " 052 ne n?
puipe ™ » | w TS o 001 1208 ne
w -» ot 00M o2 s Y- P "
A ——— -~ — —— — + — -1'
Wenr ne 2 « ] om0 00128 ) o ™ ™
40t 10 [ 00%84 | DDOOG o | me remnc | siess 10 »n 100
—— a—— - - e ———t —— ] - - - — - - - - - - - & ——— — e - - e — e b oo— -~
Ammems 1 -1079 @8 0 aas?* [ 341 [ X 1] 387 %8 107 "*246 448
Nh) | N n”? -2 1] 0 000700 [ b a2 a0 326 44 107 b X 91
l o 0C

1. ALL VALUFS OIVEN AT THE BOILING POINT UNLESS OTHEAWIST NOTFD
1. ESTIMATED OR APPAQXIMATE VALUE INDICATED BY AN ASTERISK
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Figure 8.3.1-1 Schematic of SEP BIMOD Theraal Control System.
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0.50 0.D. X 0.028 WALL
TUBE WITH INTERMAL

METAL FELT WICK THREATS

IRE MESH ARTERIES

.a80"
SEP DESIGN
o0 ] o

Figure 8.3.1.4~1 Heat Pipe Artery Locations in CTS and SEP Designs.
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Figure 8.7-§

location of Variable Conductance Heat Pipe System (VCHPS)
on the Communicetions Technology Satellite (CIS),
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BIMOD Structure/Thermal Control
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Functional Requirements

The bimodular (BIMOD) structure is designed to withstand
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quasi-static accelerations of 10g's in the z direction
(thrust) and 6 g's in the x and y directions. These
load factors, which represent ultimate load factors, are
conse. itively assumed to act simultaneously. In
addition, the load factors are assumed to include the
dynamic cransient effects of the space transportation
system/interim upper stage STS/IUS system as well as

the cynamic response of the TSS mounted on the payload
adapTor structure as given in reference 9.1.1. The
complete static and dynamic (free vibration) analysis

of the BIMOD is given in applicable document 9.8.1

Dynamically the BIMOD is designed to have a minimum
resonant frequency 15 Hz when individually cantilevered
from its power processor attachment points. This mini-
mum frequency was established to preclude or minimize
dynamic coupling between the BIMODs and the combined
STS/IUS/SEPs system.

The BIMOD thermal control system is required to radiate
to space all the waste heat (410 watts each) generated
by its two power processors when operating at full power.
The thermal control system is also required to maintain
survival level temperatures for the power processors,
~ropellant feed lines and the full length of the heat
pipes at a minimum expense of heater power during non-
operating conditions. Both of these requirements are

imposed over a space environment ranging from 0.3 A. U.

9-4



9.3
9.3.1

to 3.0 A.U.

Functlonal Description

Mechanical

The two power processors (PPU) of the BIMOD are mounted
back to back (fig. 9.3-1-1) against the heat pipe evapor-
ator saddles which serve as the structural Sackbone of
the power processor structure. When bolted back-to-back
the power processors become one large fully enclosed
rectangular box capable of resisting all tensile, com-
pressive, bending, shear and torsional loads that may be
imposed by the BIMOD truss attachment brackets (applic-
able document 9.8.2). The BIMOD truss resultant tensile,
compressive and bending loads are carried to the inter-
face module by four short colums that are integral with
the long sides of the power processor box structure

(fig. 9.3.1-2). However, the main function of the sides
of the power processor is to support the ends of the

individual cross beam modules of the pcwer processors

(fig. 9.3.1-1).

The PPU ends of the BIMOD radiators are ripidly attached
to the PPUs by fiberglass shear panels and fiberplass
angles which are designed to limit the application of
dynamic or static acceleration loads to the heat dipes
(applicable document 9.B8.3). At the thruster end of

the BIMOD the radiators are attached to the BIMOD alumi-
num truss by struts. These struts will allow longitudi-

nal and lateral expansion and contraction of the thermal
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ta

control radiator/heat pipe condenser system while re-

stricting radiator side sway and twisting (fig. 9.3.1-3).

The main functions of the BIMOD aluminum truss are to
support the thrusters and the thruster ends of the heat
pipe radiators. The thruster end of the truss is designed
to be integral with the thruster gimbal system. Thus,

the thruster launch acceleration loads applied in the

X axis (fig. 9.3.1-2) are absorbed at one end of the .
thruster by a thruster pin which intersects a wishbone
part of the truss in its structural plane when the thrust-
ters are in the launch configuration (wicth their thrust

axes parallel - see Section 7.3.2).

NASA drawing CR 638185 is the top BIMOD assembly drawing.
A complete list of BIMOD drawings can be found in appli-

cable document 9.8.4.

Thermal

The BIMOD thermal control subsystem (fig. 9.3.2-1) con-
sists of multilayer insulation (MLI) blankets, variable
conductance heat pipes, heat pipe radiators and supple-
mentary heaters. Two power processors are mounted to
opposite sides of a common heat pipe evaporator saddle
and are wrapped with an MLI blanket. The MLI blanket
consists of 20 layers of ¥ mil crinkled aluminized Kapton
with an outer layer of 5 mil aluminized Kapton. The
required temperature environment for the power processors

is maintained by methanol-stainless steel heat pipes

9-6



(reference 9.1.2) and supplementary heaters. The
supplementary heaters are required to maintain the com-
ponent's minimum temperatures in a non-operating mode

at distant A.U.. Each PPU dissipates 410 watts oper-
ating at full power with an efficiency of 87%. The mini-
mum capacity for each variable conductance heat pipe

is 220 watts. Two sets of three heat pipes (fig. 9.3.1-3)
are embedded in the heat pipe evaporator saddle with one
pipe in each set being a redundant pipe. The mounting
arrangement of the heat pipes within the heat pipe evap-
orator saddle allows for heat dissipated from either

PPU or both PPUs to be distributed to both heat pipe
radiators of a BIMOD.

To size each radiator, the following assumptions were
used: (1) the radiator has a view factor to the solar
array of 0.05 and to space of 0.95, (2) there is mno

solar flux incident on the radiator, (3) the emittance

of both the solar array and the radiator is 0.8 (silvered
teflon on radiator), (4) the radiator dissipates heat

at 50° C, and (5) the radiator is 0.020-inch-thick alumi-
num., Figure 9.3.1-2 shows the heat pipe radiator con-
figuration along with its dimensions (69 cm wide by 183
em long). 1In order to keep the variable conductance
heat pipe working fluid, methanol, above its freezing
point of -93% ¢, strip heaters are mounted in line with

the heat pipes on the back side of the radiators.
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9.4.1

In order to provide meteoroid and cometary dust particle
protection, as well as prevent solar flux from impinging
on the back of the radiators, MLI is also placed on the
ends of the BIMOD perpendicular to the radiators and
along the bottom of the BIMOD behind the thrusters (fig.
9.3.1-3). The composition of these MLI blankets is
given in table 9.3.2-1.

The propellant feed lines are located in the BIMOD
structural cavity. Thermal control is provided by a
combination of isolation, insulation, and heaters to

prevent freezing of the mercury.

The thrusters are exposed to beth solar flux and to dee»
space. In order to provide thermal control for the
thrusters in a non-overating mode with no solar flux,
heaters are placed on the engine body of each thruster
to prevent them from becoming too cold.

Interface Definition

Mechanical

The mechanical interfaces of the BIMOD occur at both
ends of the BIMOD. At the thrus:ier end the BIMOD is
attached to adjacent BIMODs by struts. The only pur-
pose cof these struts is to prevent cortact between ad-
jacent heat pine radiators durins the launch accelerat-

ion environment.
The BIMOD is attached to the interface truss hy eight
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5

#10-32 high strength bolts. Two bolts are located at
the end of each power processor side column. NASA
Drawing CF 638168 gives complete details of the BIMOD
envelope dimensions, structural attachment bolt pattern,

and allowable flange sizes.

Thermal

The thermal interface at the power processor end of the
bimod consists of a MLI blanket wrapped around the power
processor as discussed in Section 9.3.2. The blankets
provide thermal control of the power processors as well
as providing autonomy of the pover processors from the

interface module and the BIMOD cavity.

The radiators, the MLI blankets perpendicular to the
radiators at each end of a BIMOD and the insulation
blankets between the radiators behind the thrusters pro-
vicde the thermal interfaces between the BIMOD and the
space environment.

Performance Description

The BIMOD structural/thermal system has nct, as of
March 20, 1979, been exercised as a system. However,
the heat pipes have been individually tested (see Sect-
ion 8.0) and do possess sufficient capacity to meet the
thermal requirements of the power processors with two

of six of the BIMOD heat pipes being fully redundant.

Although the BIMOD assembly has not been vibrated, the

power processor (Section 6.3.2) has survived prototype
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qualification vibration levels which were taken as one
and one-half times the flight levels for Spacelab hard
point mounted components independent of mass loading

(see vref. 9.1.3).

Both vibration qualification and thermal vacuum quali-
fication tests are planned in the near future for the
live BIMOD (see Section 4.7). The gimbal system (Sect-
ion 7.5) was also vibrated to these levels without
damage.

Physical Characteristics and Constraints

The physical size of the BIMOD 1is 2.53 m tall by 0.69
m wide on the radiator face by 1.39 m deep. NASA Draw-
ing CF 638168 contains a description of the envelope
and protruding par:s of the BIMOD.

The overall mass of the BIMOD is 137.5 kg. Table 9.6-1
gives a mass breakdown of the major BIMOD systems. The
mass of the BIMOD thermal control system is 21.0 kg and
a breakdown of that mass can be found in table 9.6-2.
The total mass of the BIMOD structure is 10.1 kg. A

detailed breakdown can be found in table 9.6-3

The BIMOD, is designed to withstand the functional re-
quirements outlined in Section 9.2.

Development History

The BIMOD structural/thermal design is the culmination
of an effort at developing a modular thrust subsystem

that was begun in 1974. The earliest result was a
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thrust module that contained one thruster with its own
propellant tank and one power processor with thermal
control by a combination of direct radiation from the
PPU face through louvers and utilizing heat pipes for

the remaining heat (see ref 9.1.4).

The use of individual propellant tanks and feed systems
for each thruster was not weight efficient and was thus
dropped. The use of PPU's with thermal control by both
louvers and heat pipes was not as efficient as heat pipes
alone (see refs. 9.1.5 and 9.1.6). Also, thermal re-
dundancy of heat pipes with individual PPU's was diffi-
cult to provide without incurring weight penalties.
Because of these deficiencies the BIMOD concept was

initiated in 1975.

The structural analysis of the BIMOD and the complete

TSS was accomplished by using the Automated Multi-Stage
Substructuring (AMSS) capability of NASTRAN (applicable
document 9.8.5). Because of its modularity, this feature
of NASTRAN proved to be very efficient in performing both
static and dynamic (free vibration) analysis of the
complete system., Each of the major components of the

TSS (i.e., BIMOD, Interface Module, Heat Pipe Radiacors,
etc.) was first analyzed using the conventional NASTRAX
formulation to determine preliminarv design sizes. After
preliminary sizing of the structural members in these

substructures, the AMSS feature of NASTRAN was used to
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assemble the components into a TSS and check the com-
plete system, both statically and dynamically. The stage
configuration could readily be changed by adding or
deleting BIMODs with a minimum of time and effort by

using this technique.

In addition to the development history of the overall
BIMOD thermal/structural system there is a history of
development of specific thermal/structural components.
1) Heat Pipes - Heat pipe development history is cov-
ered in Section 8.7.

2) Evaporator Saddles

a) Configuration Evaluation - One configuration had

the saddles bolted around the heat pipes evaporator
sections, with RTV-566 in the interface 'o.nts. Although
it provided the flexibility to be able to easily replace
heat pipes, it was rejected due to weight and manufactur-
ing cost consideration. Another configura:zion had the
saddles serve as the actual evaporator section envelope.
This concept was rejectec because of manufacturing and
assembly difficulties and cost considera:ions. The con-
figuration chosen uses a soft-solder joint between the
heat pipes and saddles.

b) Solder Joint - The solder joint used on the BIMOD

has flight history on the CTS heat pipe, on which both
evaporator and condenser sections used soldered saddles.
To evaluate the effects of thermal stresses in the solder

Joint caused by differential expansion between the stain-
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less heat pipes and aluminum saddles, TRW performed

a series of thermal cycling tests on samples of
saddle/»ipe solder joints. As indicated in reference
9.1.2, the joints successfullv withstood this environ-

ment .

Assembly techniques have als~ undergone development
efforts. At Lewis, .amples were soldered in vacuun
to determine if solder void area could be reduced.
Results are s:till being evaluated. Also, a special
soldering fixture was develoned which provided both
~>rnal and lateral compression during soldering
(this was necessary because of the saddle cross-
section used) and which had a fast temperature-rise
response (which was necessary to minimize the time

the aluminum saddles spent at high temperature.)

Another solder joint reliabilityv question considered
was the potential deterioration of the solder joint
due to amalgamation of the solder with mercury
originating at the thruster. Although a catascro-
phic failure appears unlikelv (the exposed joint areas
are small and the mercurv which would come in contact
with it would probably not be a bulk amount), the
potential problem could be eliminated by coating the
exposed surfaces with a conformal coatine of some tvpe.

¢) Saddle Cross-section Evaluation - During fabrication
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of the SEP heat pipes, TRW pointed out that the BIMOD
configuration put an asymmetric thermal load on the
heat pipe when only one PPU was operating because of
the simple evaporator saddle design being used. A
thermal analysis was performed, and the saddle rede-
signed, to improve distribution of the heat from each
PPU to both sides of the heat pipe slab wick. (See
appliﬁfble document 9.8.6, and NASA PDrawing CF 637022,
Parts 13 and 14).

3) Condenser Saddles

a) Cenfiguration Evaluation - The initial configuration

considered for the concenser saddles was the same as

CTS, with the same saddle cross-section and a soldered
joint. Evaluation ol the radiator design, however, re-
sulted in a condenser saddle design which is dual pur-
pose -- it not only helps carry the thermal load from

the heat pipes to the radiator but also serves as a
radiator stiffener along the length of the heat pipe.

The final weight/unit length is comparable to :he CTS
design. RTV-566 is used as the interface material and
the saddle is atta¢hed to the radiator with no. 2 machine
screws. ‘

b) RTV Joint - A thin laver of RTV-SGa is used as the
interface material to improve thermal Eonduction chrough
the joinc. The pot life following mii&ng of the caralyst
with the base material is 30 to 45 minutes. Procedures

ard tooling design concepts developed for applying the
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the CTS radiators to the heat pipe condenser saddles
are being applied to assembly of the BIMOD radiator
within the above time limitation. 1In addition, means
of extending the RTV pot life are also being investi-
gated.

4) Radiators

-a) Thickness Evaluation - The initial configuration

considered used a 0.040~inch radiator, similar to the

CTS radiator. A study was performed to evaluate the
effect of radiator thickness on radiator efficiency.

Some of the results are summarized in figure 9.7-1.

The SEP radiator is 0.020-inch thick, cutting the weight/
unit area in half. A short radiator extension helped

to compensate for the loss of thermal efficiency.

b)Y Mate ial Evaluation - Thermal conductivity also

affects radiator efficiency. Aluminum alloy 1100G-Hl4
was substituted for the 6061-Té used on CTIS. Although
alloy 1100-Hl4 is less strong mechanically the strength
is adequate.

¢) Thermal Coating - Silvered-teflon is being used on

the emitting surface of the radiator. It has a history
of space applications (including CTS). In addition,

its durability has been tested in ground, temperature-
cycling tests (ref. 9.1.7). Also, surface charging of
the material, which is of especial significance in syn-
chronous orbit, was investigated during the CTS program.

Llectrically conducting adhesive materials were tested,
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one of which was used on the CTS radiator.

Applicable Documents Enclosed

Olex, Mark; and Zimpfer, Dennis: BIMOD Truss Analysis,
August 1977.

Sharp, G.R.: Stress Analysis of BIMOD Tower to FM/PPU
Attachment Bracket, May 1979,

Sharp, G.R.: Heat Pipe Condenser Support Vibration
Calculations, May 1979.

BIMOD Assembly and Detail Drawing List. NASA Lewis
Research Center.

Smallowitz, J.M.: The NASTRAN S:ructurallAnalysis of

a Solar Electric Propulsion Module.

Thermal Analysis of FM/PPU Heat Pipe Saddle Designs.
NASA Lewis Research Center Internal Memorandum January

1978.
Ground Support Equipment

See Section 4.9
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Table 9.3.2-1 Materials for Space Exposed Multilayer Insulation Blankets

*

%

E

1 mil scrimmed Kapton with !} mil blach conductive coating on

one side (outer layer)

1 mil! double aluminized dimpled mylar

1 mi) double aluminized flat mylar

1 mil double aluminized dimpled mylar

3 layers of 2 mil Tedlar

15 layers of : mil double aluminized mvlar separated by Dacron net

1 mil| double aluminized Teflon

-



Table 9.6-1 BIMOD Engine System Masses

Description

Mass, kg (1b)

Functional Model/Power Processors

with External Structure (2) 74.7 (164.7)

2, Thermal Control System 21. (46.3)

3. Thrusters (2) with Electrical Processors 20. (45.6)

b. Thruster Gimba! Systems (2) 6. (15.0)

S. BIMOD Structural Mass 10.1 (22.3)

6. PropellanL Distribution 0. (1.5)
7. Miscellaneous (Gimbal Harness, Miscell.

hardware, , RTV, etc.) 3. (7.7)

Tota! 137.5 (303.1)
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Table 9.6-2 BIMOD Thermal System Masses

Description mass, kg (Ib)

1. Radlators 4.17 (9.20)
2. Radiator Saddles 1.68 (3.7)
3. Radiator Saddie Hardware 0.31 (0.69)
4. Heat Pives 7.56 (16.66)
§. Multilzyer Insulation 1.81 (3.98)
6. Radiator Coating 0.4 (0.98)
Heat Pipe Evaporator Saddles 3.68 (8.12)

8. RTV at Evaporator Saddles 0.20 (0.44)
9. RTV at Radiator Saddles 0.20 (0.43)

10. Radiator Support Structure

a. At FM/PPU 0.29 (0.64)

b. At Thruster 0.21 (0.46)

c. Radiator Support Heat Sections 0.32 (0.70)

11. Evaporator Saddle Solder 0.17 (0.38)
Total 21.0b4 (46.39)
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Table 9.6-3 BIMOD Structural Masses

Deszription Mass, kg (1b)
BIMOD Truss 9.7 (21.4)
BIMOD Truss to FM/PPU Attach Brackets 0.3 (0.6)
81MOD to BIMOD Attach Struts 0.1 (0.3)

Tota! 10.1 (22.3)
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FIGURE 9.31-2 BIMOD ISOMETRIC
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Assumptions ° W
Solar Array = 30 (of -1
Heat Pipe = 50 C(72")

F-Rad-Space = .95
F-Rad-S/A = .05

€ Rac & € S'A = .08

No Solar Heat on Radiator

550 4
1 »
| { | |
| . |
3 PIPES OPERATIONAL
500 | pTTUORETL L L =
; FIN
! THICKNESS
50 4 o A T
RADIATOR
CAPACITY
WATTS g
40C o-- - /(/
FINX
THICKNESS
350 -
300 o
1] A 0] Ll 1 I L |
4 € 8 10 12 14 16

Aluminum ¥Fin Weiaht - Pounds

TOTAL RADIATOR WFIGHT = ALUMINUM FIN WEIGHT + SUFPORT
STRUCTURE AND HARDWARE

Figurc 9.7-1 Pa.ametric Study of Radiator Fin Weight and Thickness
ve Radiatina Capacity
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10.0 Interface Module

10.1 Reference Documents ‘?
None
10.2 Functional Requirements

1) The interface module shall serve as a power, control,
strucrural, and thermal interface between the mission
module and the BIMOD engine systems of the thrust sub-
system.

2) The interface module shall receive power from the
mission module and distribute power to the interface
mcdule equipment, and BIMOD engine systems.

3) The interface module shall be capable of clearing
thrust subsystem load faults on the solar array power
busses.

4) The .n'oriace module shall receive commands from the
missior module and upon command decoding shall either
transn.:: -he command ¢r enter preprogrammed sequer.ces
to comsand the interface module equipment or BIMOD
engine svstems.

5) The interface module shall receive data from the
interface nmodule equipment and BIMOD engine systems,
and sha.l c¢ither transwmic this data upn request to
the mis.ior module or employ in the control of the

thrust -ubsystem.
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10.3
10.3.1
10.3.1.1

10.3.1.2

6) The interface module shall provide the structural
interface between the mission module and thrust sub-
system, shall provide a direct load path from the
BIMOD engine systems to the mission module, and
shall provide structural support for the interface
module components.

7) The interface module shall provide a thermal inter-
face between the mission module and thrust subsystem
and shall maintain the interface module components

within operational and nonoperational temperature

limics.
Functional Description
Electrical
General
As shown in figure 10.3.1.1-1, the interface module
electrical equipment shall include a thruster controller,
power distribution unit, and gimbal electronics.

Thruster Controller

1) The thruster controller shall receive executive level
commands from the mission module that are required to
start, throttle, and shut down the thruster. The
controller contains the thruster algorithms described
in Section 5.0, Thruster and discussed in detail in
S:ction 11.0, Thruster Controller. The controller

implements these algorithms into appropriate commands
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10.3.1.3

and transmits the set point commands, reference
commands, and telemetry requests t» the power proces-
sors. The controller monitors the operation of each
thruster/power processor combination and provides
corrective action in response to abnormal operation
conditions indicated by interrupt flags generated by
the power processor.

2) The thruster controller returns telemetry requested
by the mission module computer of all thrust sub-
system equipment.

3) The thruster controller controls the application and
removal of 200 to 400 V dc power to the power proces-
sors and the 28 V dc regulated power to the power
processors, mercury propellant valves, and thrust
subsystem heaters.

Power Distribution Unit

The power distribution unit shall accept 200 to 400 V dc
power and 28 V dc power from the mission module and dis-
tribute chis power to the interface module equipment

and BIMOD engine systems as commanded by the thruster
controller. The power distribution unit provides switch-
ing of 28 V dc power for the power processors, mercury
valves, and heaters. The power distribution unit pro-
vides for clearing of load faults on the 200 to 400 V dc

bus. Signal conditioning for and formatting data from
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10.3.1.4

10.3.2

thrust subsystem temperature and pressure transducers

is performed by the power distribution umit.

Section 12.0 should be consulted for further detail.
Thruster Gimbal Electronics

The thruster gimbal electronics shall generate the

drive signals for the thruster gimbal motors and shall
format position data from the gimbal angle resolvers as
required for transmission to the mission module computer.
Mechanical

The interface module truss shall be an aluminum tubular
structure which provides a ten point mounting interface
with the mission module on one side and mounting for
each of the four BIMOD engine systems on the other side
(see figure 10.3.2-1). The BIMOD loads are carried
directly through the truss members to the mission module
attachment points. The length and width of the struc-
ture is determined by the area required to attach the
four BIMOD engine systems. The height is determined by

the mercury propellant tank size.

The two mercury tanks are suspended by aluminum tubes
which are tied directly to the mission module mounting
points. The interface module also contains the mercury
propellant manifolds, lines, valves, and pressure and

fremperature sensors as described in Section 13.0.

10-6



10.3.3

10.4
10.4.1

10.4.1.1

10.4.1.2

Thermal

The required temperature environments of the interface
module components are maintained by a combination of
nmultilayer insulation, passive radiators, and heaters.
The multilayer insulation is wrapped around the entire
interface module. The power distribution unit and
gimbal electronics are mounted to passive radiacors
interior to the interface module cavity. The thruster
controller is mounted to a passive radiator exposed to
space. Heaters are employed on the propellant tanks.
Interface Definition

Electrical

The electrical interfaces between the interface module
equipment and the BIMOD engine systems are defined in
Section 4.4 and summarized in figure 10.3.1.1-1.

Solar Array Power

The solar array configuration unit of the mission module

will provide nominal 200 to 400 V dc power at up to
125 amps to the power distribution unit. Harness from
the mission module to terminals on the power distribu-
tion unit shall be carried as part of the interface
module.

Mission Module Battery Bus

The mission module battery bus will provide 28 V dc

power to the power distribution unit of the interface
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10.4.1.3

10.4.2

module. The battery bus will provide power through
eleven separate circuits: Eight circuits to the PDU
for the eight power processors; one circuit to the PDU
to provide heater power, mercury solenoid valve pulse,
and gimbal electronics; and one circult to each of the
thruster controllers.

Mission Module Computer

The mission module computer will provide commands to

and receive telemetry from the thruster controller and

the thruster gimbal electronics in the interface module.

The interface to the mission module computer from the
thruster controller shall be through a first-in, first-
o'it buffer memory which limits the data transfer rate
to TBD bps and provides noise filtering. The buffer
memory 18 connected to the mission module computer bus
via a bus adapter unit. The interface from the gimbal

electronics is similar to that for the thruster con-

troller.

Mechanical

The mechanical interface between the interface module
and the individual BIMODs is defined in Section &.4.2.
The interface module will be mounted to the mission
module at the ten mounting points as shown in figure
10.3.2-1, LeRC Drawing CR 622760, Thrust Subsystem

Interface Control Drawing.
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10.4.3

10.4.4

10.5

10.6
10.6.1

10.6.2

Thermal

The thermal interface between the interface module and
the BIMODs will be the multilayer insulation blanket
Placed across the top of each BIMOD. Tﬁe interface
between the interface module and the mission module
will be the multilayer insulation blanket placed across
the top of the interface module.

Propellant

The mercury propellant interface between the interface
module and the BIMODs is defined in Section 4.4.4.
Performance Description

The performance of the interface module equipment is
discussed in the following major sections: 11.0, Thrus-
ter Concroller: 12.0, Power Distribution; 13.0, Propel-
lant Storage and Distribution; and 14.0, Structure/
Thermal.

Physical Characteristics and Constraints

Mass

The ecstimated mass of the interface module is 158.7 kg.
A breakdown of the interface module masses is listed in
table 10.6.1-1.

Power

The power required of the solar array bus and mission
module battery bus by the power distribution unit of the

interface module shall not exceed the estimated values
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10.6.3

10.6.4

10.7

listed in table 10.6.2-1. The power required of the
mission module battery bus by the thruster controller(s)
is TBD.

Environmental

The interface module shall be compatible with the
structural and thermal design criteria identified in
Section 14.0.

Configuration

The configuration of the interface module is defined by
LeRC drawing CR 622760, Thrust Subsystem Interface Con-
trol Drawing, figure 10.3.2-1.

Development History

Design trades for the interface module have been con-
ducted as part of the thrust subsystem definition and
design effort since late 1975. One of the mﬁjor trades
conducted has been to consider a separate propellant
tank for each thruster, a single common tank for all
thrusters, or two common tanks for all thrusters. The
first option was rejected because of the possibility of
having to pump mercury from one tank to another should
a failure occur in any element of a tank. power proces-
sor, thruster chain. The two common tank configuration
was chosen over the single common tank approach because
the total interface module structure mass favored the

two-tank approach.
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Another major trade was in the power interface. Con-
cepts previous to the present design showed the shaftr )
axis of the solar arrays attached to the interface

wodule at a solar array drive mechanism. The interface
module distributed solar array power to both the mission
module and the thrust subsystem. Also, the interface
module provided its own regulated pover. In the present
design, the solar array interface is with the mission
module and the interface module receives both unregulated
and regulated solar array power from the mission module.
This simplifies the mechanical and electrical inter-
faces with the mission module. Also, functional dupli-
cation is reduced because only the mission module pro-

vides regulated power.

Another major design trade concerned the mechanical
interface with the launch adapter tower. Early concepts
showed that this mechanical interface was between the
interface module and the launch adapter. In the pres-
ent design, the launch adapter is attached to the mis-
sion module, thereby simplifying the interfaces between

the thrust subsystem and the vehicle.
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11.0

Thruster Controller

Operation of a single ion thruster requires control
of several voltages and currents through operational
phases of preheat, ignition, operation, throttling
etc. Algorithms for these control functions are
described in Section 5.3.4.2. Implementation of

these algorithms to control several thrusters simul-
taneously requires computer control. Control of

space vehicle thrusters via ground computer is imprac-
tical due to the data rates and the transmission

time delays that prevail in proposed planetary missions.
Thruster control must be accomplished on-board the

space vehicle.

Tt section describes progress that has been made in

. ‘aerstanding the thruster control function. A space
vehicle computer control heirarchy shown in figure
11.0-1 is proposed. It indicates the thruster con-
troller controlling the several power processor-
thruster systems in response to direction from a
vehicle control computer. Information flow between

the space vehicle compuier and the thruster controller
is ordinarily restricted to an executive level of

detail such as instructions to oparate certain thrusters

at certain power and specific impulse levels, etc.
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Development of flight-type thruster controller hard-
ware aud software has not begun. An understanding of
software requirements has been gained through opera-
tion of two major test tasks of the Technology Readi-
ness Program described in applicable document 11.8.1.
The Mission Profile Life Test (MPLT) program to eval-
uate electric propulsion components in long term tests
requires computer control of three thrusters simul-
taneously in ground test. The BIMOD test program de-
scribed in applicable document 11.8.2 requires com-
puter control of at least two thruster systems. The
discussion of hardware and software contained in this
section represents the state of knowledge acquired

by preparing for and starting those test programs.

Details of these programs including flow charts and
program listings are contained in applicable document
11.8.3. 1In addition to detailed programs developed

to conduct test programs, some preliminary system
studies have been done which treat the thruster control

task in a general way.

This section (11.0) covers thruster operation and
control only. Functions and requirements not necessary
for this purpose are not discussed. The controller

concept used in Seciions 3.0 and 10.0 of this design
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manual uses a more integrated approach which includes

the following functions in the controller:

1) Power processor temperature monitoring and control.

2) Radiator and heat pipe temperature monitoring and
control.

3) Mercury propellant tank pressure monitoring.

4) Mercury tank and propellant feed system tempera-
ture monitoring and control.

5) Control of solar array bus switching and fault
clearing for the power processing units.

6) Solar array bus monitoring and telemetry.

7) Engineering telemetry digitization and processing.

In addition the system designer might choose to expand
the controller to include:

1) Gimbal drive electronics.

2) Gimbal position command interface and processing.
3) Gimbal position readout electronics.

4) Gimbal position telemetry interface.

5) Other housekeeping and initialization functions.

However, none of ~hese functions (no matter how essen-
tial for the operation of the thruster, power processors,
and gimbals) is required for the implementation of the
thruster control algorithms and ancmaly correction

techniques which have been developed and so they are
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11.
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11.
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11.

1.2
1.3

1.4

1.5

1.6

not discussed here.

Reference Documents

Extended Performance Solar Electric Propulsion Thrust
System Study. (Hughes Space and Communications Group)
NASA CR-135281, 1977.

SERT C Project Study. NASA TM X-71508, 1974.

Ward, J. W.: Application of a Minicomputer to the
Control and Testing of Ion Propulsion Systems. AIAA
Paper 73-1080, October 1973.

Low, C. A. Jr.: Digital Computer Control of a 30 cm
Mercury Ion Thruster. AIAA Paper 75-380, March 1975.
Power, J. L.: Planned Flight Test of a Mercury Ion
Auxiliary Propulsion System. I - Objectives, Systems
Deacriptions, and Mission Operations. NASA T™M-78859,
1978. Also AIAA Paper 78-647, April 1978.

Power, J. L.; and Rotnem, J. 0.: Operation of a
Small Mercury Ion Thruster System in a Simulated
Stationkeeping Mode, Using a Microprocessor, AIAA
Paper 76-995, November 1975.

Functional Requirements

1) The thruster controller shal. provide complete
operational control for all ion thrusters in the
system.

2) For any of the ion thrusters it controls, the

thruster controller shall cause the following

11-6
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3)

4)

6)

operations to be performed in response to exte. 1l
commands :
a) Start the thruster
b) Throttle the thruster operating power level
to any one of TBD (tentatively 100) points
within its operating range.
¢) Shutdown the thruster
d) Precondition thruster cathode tip and thruster
neutralizer tip for operations.
e) Start and operate the thruster neutralizer
only.
The thruster controller shall pass through to the
power processing units (PPU) controlled, any des-
ignated thruster setpoint commands, reference
commands, and telemetry requests. It shall return
the requested telemetry data.
The thruster controller shall provide corrective
action in response to abnormal operating conditions
in the thrusters and their associated power pro-
cessing units.
The thruster controller shall monitor the opera-
tion of the thrusters and associated power pro-
cessing units.
The thruster controller shall control the appli-

cation and removal of 28v power to the thruster
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8)

9)

10)

11)

12)

power proceasing units, thus providing overall
on/off control to them.

The thruster controller shall be the sole communi-
cation channel to the thruster power processing
units. It shall generate properly coded commands
and transmit them to the PPUs in the correct for-
mat. It shali receive telemetry and status infor-
mation from the PPUs and process the off normal
flag generated by the PPUs.

The thruster controller shall control the operation
of the solenoid valves in the mercury propellant
feed system.

The thruster controller shall provide the sole
command and telemetry interface between the thrus-
ter system and the remainder of the spacecraft.
The thruster controller shall return properly
formatted telemetry information to the spacecraft.
Upon request, the thruster controller shall re-
turn full telemetry information concerning its

own operation and the operation of any of the
thrusters and thruster PPUs.

The thruster controller shall provide for the in-
flight programming or replacement of its control
algorithms to allow workaround for thruster or

thruster PPU abne .alities.
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13) The thruster controller shall accept status infor-
mation concerning the solar array bus voltage ap-
plied to each thruster PPU.

Functional Description

Electrical

Controller Concept Description

Figure 11.3.1.1-1 is a conceptual block diagram of the
thruster controller. It has four functional elements;
an interface to the spacecraft telemetry, command,

and cont;ol system(s), an interface to the thruster
power processing units, an interface to the power
distribution unit, and the control computer itself.
Each of the interfaces will be discussed separately

in this section. The functioning of the control
computer will be described in sections 11.3.1.2 through
11.3.1.5. Requirements for redundancy, error correc-
tion, and failure detec‘tion arising from reliabilicy
considerations are not discussed.

1) Communications Interfa.-> with Spacecraft - The

details of the communications Interface to the
spacecraft telemetry, command, and control system
and associated control computer processing require-
ments are TBD as they are strongly dependent on

the spacecraft design. The basic functions of the
communications interface are (1) to receive suit-

ably coded commands directed to the thruster
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controller to flag their presence to the control
computer and (2) to return telemetry and status
information to the spacecraft. Commands received
will either be directed to the control computer
itself for the initiation of the various control-
led operations or passed through to allow direct
control of the thruster PPUs, the mercury pro-
pellant system valves, or the 28 V dc supply to
the thruster PPUs. The communications interface
will cause the control computer to initiate return
of properly formatted telemetry data (in one or
more selectable formats) and return that tele-

metry and status information as required.

Upon receipt of properly coded requests via the
commnications interface, the thruster controller
will return to the spacecraft specific telemetry
and status information from any of the thruster
PPUs through the communications interface. In
addition, detailed status information from the con-
trol computer software and playback of selected
portions of the control computer memory will be
made to the spacecraft via the communications

interface.

The communications interface will input data from
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the spacecraft for the reprogramming of selected
portions of the control computer memory. Using
this method, control constants will be changed to
compensate for changes in thruster or thruster
PPU operating characteristics. In addition it
will be possible to work around some failures by

reprogramming the control algorithms themselves.

The communications interface will also obtain time
information from the spacecraft master cloc% and
provide a seconds clock to the confrol computer
for use in the sequencing of control operations.

Communications Interface with Thruster Power

Processing Units - The power processor interface

handles all transmission of command, telemetry,
and status information between the control com-
puter and the individual thruster PPUs. The
power processor interface will select which power
processor is to be commanded and activate its
command bus; it will generate suitable parity for
the transmitted commands; it will check for trans-
mission and interpretation errors and abort ex-
ecution if an error is detected; it will monitor
the power processor off-normal flag line; and it
will return telemetry data and transmission error

and off-normal flag information to the control
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computer. A schematic of the interface currently
being used in the development systems is shown

in applicable document 11.8.4.

Applicable document 11.8.5 contains a document
entitled "Command ard Telemetry Codes of Power
Processors for the 30 cm Ion Thruster." 1This doc-
ument contains detailed information on the inter-
face between the individual thruster PPUs and the
power processor interface, including timing, level,
format, and a complete listing of all commands

and their associated codes. A brief explanation
of the interface will be given here for complete-

ness.

Figure 11.3.1.1-2 shows the basic electrical inter-
face for one thruster PPU. It is composed of five
signal pairs optically isolated on the reseiving
end. The command sync line operates at four times
the bit rate. The command enable line serves two
functions; (1) it provides synchronization at the
beginning of a command transmission sequence and
(2) it aborts execution of the command currently
being processed if it goes '"low' before the end

of command processing. The command line transmits

coded commands and telemetry requests to the
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thruster PPU in a serial digital format. The
digital data line echoes back the command or
telemetry request as it is clocked into the thruster
PPU. The command echo is followed by execution
information and telemetry data if requested. The
line labeled "interrupt' is the thruster PPU off-
normal flag line. It goes high when certain off-
normal conditions described in applicable document

11.8.5 are detected by the power processor.

Figure 11.3.1.1-3(a) shows the basic transmission
format for commands to the thruster PPUs. The bits
are numbered in the order tramsmitted. Bit one is
a parity bit which will be generated by the power
processor interface. Bits 2 through 1l contain

the command information from the control computer.
Bits 12 thru 16 contain a unique thruster PPU

address, also supplied by the control computer.

The power processor interface will transmit the
first 16 bits to the selected thruster PPU and the
power processor will echo them back to the power
processor interface which will compare them on a
bit by bit basis. 1If there is an error in trans-
mission, the power processor interface will drop

the enable line to its 'low' state and abort
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command execution. The sequence of operations

now varies depending on whether an executable com-
mand or telemetry request was sent to the thruster
PPU. If a command is to te executed by the power
processor at bit time 24, bit 18 is set to "one".
If a command was not sent to the power processor
the power processor interface will drop the enable
line to abort execution. If a telemetry request
will be processed by the power processor beginning
at bit time 18, bit 17 is set to 'one'" by the
thruster PPU. If a telemetry request was not
transmitted, the power processor interface will
drop the enable line to its '"low' state to abort

execution.

The thruster PPU returns seven bits of digitized
telemetry data or status flags beginning at bit

tir2 18. The power processor interface will re-
ceive this data, append suitable error flags, and
return the resulting data word to the control com-
puter. The thruster PPU off-normal flag will be
sampled each time a command is transmitted to the
power processor and returned to the control computer
as a flag bit in the return word. The detaile’
level of error checking will be performed because

the control computer must, at all times, know the
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exact status of each thruster PPU to negate poten-
tial damage to the thruster or power processor.

Power Distribution Unit Interface - The details of

the power distribution unit interface in figure
11.3.1.1-1 are also discussed in section 12.0.
This interface will permit the control computer

to switch the individual thruster PPU on and off
by controlling their 28 V dc housekeeping supply.
This allows the thruster controller a backup control
in the event of failures in the power processors
on their command buses (power processors are shut-
down to await higher level intervention) and
allows the thruster controller to switca the
individual thruster PPU to a known initialized
state by cycling their 28 V dc housekeeping supply.
In addition, this interface will permit the countrol
ccmputer to always be aware of the current status
of the 28 volt supply to all power processors and
so will prevent the possibility of false failure

shutdowns.

The power distribution unit interface will allow
the thruster coantroller to control all mercury
propellant feed solenoid valves in the system.
This will insure that propellant is always avail-

able to the operating thrusters and will allow
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11.3.1.2

the control computer to be constantly aware of

the valve status. In addition this will permit
the thruster controller to implement certain re-
conditioning algorithms for thruster and neutra-

lizer cathode/isolator/vaporizer assemblies which

may require the removal of propellant feed temporarily.

The power subsystem interface will also return
status information on solar array bus switching te
the control computer on request. This will assure
that no attempt will be made to start a thruster
using an unpowered power processor, allow proper
sequencing of solar array and 28 V dc housekeeping,
and prevent the generation of false failure re-
turns. (An unpowered thruster PPU looks like a
failed power processor to the thruster controller.)

Control Software Development

The control computer shown in figure 11.3.1.1-1 will
operate the thrust. s using the thruster control
techniques and algorithms embedded in software which
has been developed and operated successfully on a
minicomputer based software development system.

This software is currently undergoing additional
refinement and long term test evaluation. Of nec-
essity, the development system provides s gross sim-

ulation of the ill-defined communications and power
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distribution unit interfaces of figure 11.3.1.1-1.

The simulation is obtained by simplified hardware and
by software utility and driver routines. The complete
development system, hardware and software, is fully

described in applicable document 11.8.3.

A schematic diagram of the PPU communications inter-
face is provided in applicable document il.8.4. The
PPU communications interface operates essentially as
described in section 11.3.1,1 but parity is generated
by the software. Figure 11.3...2-2 shows the return
word from the communications interface. Bits 0 through
7 are a pass through of the power processor return
bits. The power processor off-normal flag is passed
through in the bit 8 position. If a transmission or
interpretation error is detected, bits 9 through 11
are set by the hardware to indicate the type of error.
If any of bits 8 through 11 is set, bit 15 is also

set to permit easy software checking for their pres-

ence.

The computer I/0 interface card at I/0 select code 17
(octal) provides 16 relay contact closures which are
processed through the 28 volt power/alarm control
panel to provide shutdown control for the 28 V dc

housekeeping supply to each of the thruster PPUs.
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Another contact closure is used to provide a shutdown

alarm.

The seconds clock provides time in seconds in the form
of 8 BCD digits upon request. The clock time is input
at I/0 select codes 21 and 22 (octal). The clock time
is displayed on the clock display panel via I/0 select
codes 2). and 22 (octal). The command display panel
operating through I/0 select code 20 (octal) is used

to display the last command transmitted by the computer
in binary format. The data in the clock display and
the command display are interfaced to an adding machine
tape type printer which is used to log all commands
transmitted. Real thruster PPU coumands (for pass
through as well as "pseudocommands" (requests for
initiation of computer automatic control operations)
and data printing requests are entered into the manual

command panel in binary format.

An optical paper tape reader is used to enter programs,
data, and preset command sequences. Teletypes or
Decwriters are used for data logging, status printing,
and diagnostic and error message printing. The com-
puter’s front panel "switch register'" is also used to
provide a variety of initialization and operational

inputs and diagnostic requests to the running software.
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11.3.1.3

System Software Degcription

Figure 11.3.1.3-1 provides an overview of the software

system. The system now operates three thrusters

* gimultaneously but is expandable to eight or more

thrusters with a minimum of changes. All data, control
constants, flags, and calibration constants necessary
for thruster operation and control (with the exception
of timers) are stored in a large common block in high
memory. The thruster control routines are written in
a form which is independent of the thruster being
controlled (except for timing functions). They obtain
the information required for thruster operation from

a special operational common block which is loaded
with the proper data each time the thruster control
routines are called.

1) Common Block - The overall layout of the common

area is shown to the left of figure 11.3.1.3-1.

a) PPU-Status Block - The first major section in

the common area stores the last command for
each type and/or subtype sucessfully trans-
mitted to each of the thruster PPUs.

b) Thruster Blocks - The third, fourth, and fifth

segments of common are the individual thruster
common blocks. All are identical. They start

off with a series of identifiers, flags, and
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variables used in the overall system opera-
tion. This is followed by a block of flags
and variables used for the actual thruster
control operations. Then there is a set of
control constants (labeled "Thruster Con-
stants') used to establish time sequences,
define setpoints, ete. The last section of
the thruster common blocks contains the power
pProcessor telemetry and refereince command cal-
ibrations.

Operational Common - The second segment in
common is called '"Operational Common'" and is
the portion of common actually used by the
thruster control routines. The first section
in this segment contains flags and variables
which are only used during a given pass
through the thruster control routines and
which do not have to be preserved. The sec-
ond section is loaded word for word with the
contents of the "Thruster Flags and Variables"
portion of one of the thruster common blocks.
Only this section is restored to the thruster
common block after a pass through the thruster
control routines. The third section of opera-

tional common is loaded with the various thruster
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d)

-

constants from one of the thruster common
blocks word for word. The last section of
operation common, "Selected PPU Calibration
Constants" is loaded with those thruster PPU
calibracvions needed by the thruster control
routines.

Command/Time Buffer and Miscellaneous - The

second last segment of common contains storage
for variables used by the various utility rou-
tines. The last segment is a buffer used to
store commands or pseudocommands for automatic
execution wher. the time associated with each
command or pseudocommand has passed. Before

any operations commence, the various constants
are loaded into the common block. This loading
specifies the hardware arrangement and “thruster

addresses” to be used,

Main Control Sequence Loop - The center portion of

figure 11.3.1,1-1 shows in simplified form the

main control sequence loop.

a)

Hardware and Software Permit Flags - An under-

standing of the control sequence requires a
knowledge of two "permit flaps" associated
with each thruster, a hardware permit flag

and a software permit flag. The hardware
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peruit flag may be set up during initialization
to allow operation of a particular power pro-
cessor/thruster combination. 1f it is on, 28
V dc housekeeping may be applied to the power
processor. It is reset by the software during
certain failure conditions (and the 28 V dc
housekeeping removed) as a final protective
shutdown. No normal software operation or pseudo-
command will reset the hardware permit flag to
allow thruster control operations. The soft-
ware permit flag is turned on and off during
the normal operations by two special pseudo-
commands and may be turned off following loss
of control situations which do not indicate

a hardware failure. This permit flag allows

an effective software lockout for a given

power processor/thruster combination during

normal operations.

The hardware permit flag is a permissive which
when reset prevents operation of equipment
which should not be operated. It can only

be set manually. It can be reset manually

or by software to prevent the use of hardware
which 18 either inoperative or suspected of

being defective.
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b)

The software permit flag is a permissive

which when reset terminates all software oper-
ations with a given power processor/thruster
combination. It is set by a special pseudo-
command only. It is reset by pseudocommand to
provide an "off" state in which extraneous
coomands from the command/time buffer or
manual command panel are rejected. It is re-
set by software to stop further operations
following loss of control situations which do
not necessarily indicate hardware failure.

Main Control Sequence Loop Overview - As the

title states, this is an overview section.
Complete detail is contained in applicable

document 11.8.3.

Referring to figure 11.3.1.3-1, operations
commence at the entry point MPLTS. First there
is an initialization process which allows set-
ting of the hardware clock, printout of the
identifiers for the thruster cummon blocks
loaded, ard setting of the hardware permit
flags. The thruster flags and variables por-
tions of the thruster common blocks for those
thrusters whose hardware permit status has

changed are then initialized. Application of
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28 V dc housekeeping to the permitted power

pProcessors then occurs.

If desired, actual control operations then
begin. The routine FLOOP is called which
first updates the clock subroutine and all
seconds timers and thruster run hours timers

as appropriate.

Control operations start with the power proces-
sor/thruster combination associated with the
first thruster common block and continue for
the remaining power processor/thruster com-
binations in sequence. First the hardware
permit flag is checked. 1If it is off, all
further processing for that thruster is skip-
ped. The software parmit flag is checked and
if it is "off" the new command flag and new
command locations in common are checked for

a "software permit on" pseudocommand. If the
pseudocommand is found, the software permit
flag is set "on" to allow thruster control
processing to occur during the next pass
through the main sequence loop. If both the
hardware and software permit flags are on,

thruster control processing will occur.
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First, the routine STASH is called to load

the operational common block with data from

the thruster common block associatec with the
power processor/thruster combination currently
being serviced. The thruster control subexecu-
tive routine SEXEC is then called and the re-
quired thruster control operations are performed.
The routine STASH is called again to restore

the thruster flags and variables portion of
operational common block (which quite possibly
has been changed) to the current thruster common
block. This operation is then repeated until
all power processor/thruster combinations

have been serviced.

Next, the hours timers for each power pro-
cessor/thruster combination ave set to run or
stop depending on the current status of each
combination. The manual command input panel
is checked for the presence of a new command
input. If present, the command or pseudo-
command is placed in the appropriate thruster
common block new command location and the
associatié new command flag is set. A check

is made for the presence of a command/time

tape containing commands or pseudocommands to
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be executed automatically in the future at

the times designated. If a tape is present,
the next record is read from the tape and
placed in the command/time buffer. Unless
there has been a manual command input during
this pass through the loop, the command/time
tuffer is checked for the presence of a command
whose time has come. If found, the command

is placed in the new command location in the
thruster common block for the power processor/
thruster addressed and the associated new

command flag 1is set.

Then the required data logging functions are
performed. Either a telemetry scan is taken,
a line of the data page is printed, or there
is no operation. Finally, the flow returns to
MPLTS where certain diagnostic functions may
be performed. The loop repeats indefinitely

as long as operation continues.

All operations take place sequentially and no
interrupts are used. For input/output opera-
tions cthe software waits a specified time for
the completion of the operation and either

makes an error return or simply continues
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11.3.1.4

depending on which is appropriate. Communica-
tion with the power processors, timing, command
input, command display, command generation,
command decoding, message and data printing

etc. are handled by a series of utility routines
which are distinct from the thruster control
routines.

Thruster Control Software

Figure 11.3.1.4-1 shows diagramatically how the thruster
control subroutines are accessed by the main program
sequence loop. This section provides a general dis-
cussion of thruster control and anomaly correction
software subroutines developed for use in current
thruster test programs. Software details (flowcharts

and listings, etc.) are provided in document 11.8.3.

The single most difficult task encountered during
software development was to meet all of the timing
requirements of the various control and correction
algorithms for three thrusters running simultaneously.
Additional refinements will be required to adapt the
software to a system of eight or more thrusters. A
description of the thruster control subroutines follows.

1) SEXEC - Thruster Sub-Executive Routine - SEXEC 1is

called ciice for each active thruster every time

around the main program sequence loop (FLOOP).
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FLOOP provides a pseudocommand function code for
each new command and sets a new command flag.
SEXEC takes appropriate action depending on cur-
rent thruster status. Refer to the following
tables:

Table 11.3.1.4-1 Pseudocommand Function Codes
Table 11.3.1.4-2 Thruster Status Codes

Table 11.3.1.4-3 Allowable Pseudocommands as a

Function of Thruster Status

SEXEC ._s=t checks a continuation flag (set and
cleared by TCSCR) to see if the previous pseudo-
command function has been completed. If not
finished, the new command is saved in a wait
queue. If finished, the new command is passed to
TCSCR and the new command flag is cleared. TCSCR
is called only if the continuation flag is set or

a new command is waiting.

A second function for SEXEC is to call STCHK on a
regular basis to moaitor thruster con.itions. The
call to "TCHK is programmed to occur at 5 sec
intervals but the interval can be longer if there
are delays anywhere in the program locp (e.g., a
function being per formed on one or more thrusters

which requ.ires more than 5 sec to implement). On
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2)

3)

" return from STCHK, SEXEC then turns control back

to the main program.

TCSCR - Thruster Command Sequence Control Routine

When called by SEXEC, TCSCR initiates action to
implement the function defined by the code passed
to it (see table 11.3.1.4-1). In mort cases TCSCR
calls other subroutines to send commands or imple-
ment functions (i.e., throttle and shutdown) but
TCSCR controls the timing and program flow for a
full start which involves four major phases: a)
Preheat High, b) Preheat low, c¢) Ignition/Heat,
and d) Beam On (or run). The subroutines which
implement the functional pseudocommands are PRCON
for preconditioning, CMBLK for thruster startup,
THROT for throttling, and STOP for thruster shut-
down. These subroutines are described later.

TCSCR also calls corrective action subroutines

in response to problems detected by PPINT or STCHK.

These include FIXIT to handle PPU off-normal con-
ditions detected by PPINT, LOMOD and NTLMR which
deal with main discharge low mode and neutralizer
low mode respectively when detected by STCHK.
These subroutines are also discussed later in
this section.

STCHK - Thruster Status Checking Routinec - STCHK
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4)

3)

monitors certain thruster operational parameters
looking for off-normal conditions. In some in-
stances minor corrective actions are taken by

STCHK but more typically, if STCHK detects a problem,
it sets appropriate flags so that TCSCR can take
corrective action on the next program loop. Table
11.3.1.4-4 lists the checks made during the various
thruster status conditions, explains the purpose

of the checks and notes action taken if any.

PRCON - Precondition Main and Neutralizer Cathode

Tips - PRCON is a subroutine which controls the
preconditioning of the emissive surfaces of the
cathode and neutralizer tips. The procedure in-
volves a timed high level heat phase, a timed

cool down phase, a timed low level heat phase, and
a final timed cool down phase. Heat levels and
times are specified in the software common block.
The only allowable functional pseudocommand during
this activity is a shutdown (see table 11.3.1.4-3).

CMBLK - Transmit Selected Command Blocks - CMBLK

is a sutroutine which when called by TCSCR trans-
mits one of five predefined blocks of commands.
These are used to set up the various phases of a
thruster startup. Table 11.3.1.4-5 shows the sup-

ply current and voltage values and on/off switch
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status (0 for Off, + for On) for the four major

phases of a startup sequence.

a)

b)

c)

d)

e)

CMBLK (1) sets up the high level preheat phase
for the neutralizer (STATUS = 2). This block
is also used for the start neutralizer only
pseudocommand (STATUS = 55).

CMBLK (2) sets up the high level preheat phase
for the main discharge chamber (STATUS = 2)

and is used with CMBLK (1).

CMBLK (3) sets up tk> ignition/heat phase

which establishes the discharge in the main
chamber and stabilizes temperatures before
turning cn high voltages.

CMBLK (4) is used to retreat to the low preheat
phase if the main discharge and /or the neutral-
izer discharge is not 1lit at the end of igni-
tion/heat timing phase. Only one retreat is
allowed. On the second loop the thruster is
shutdown.

CMBLK (5) sets up appropriate conditions for
operation at low beam level and turns on the

high voltage supply.

THROT - Throttling Routine - THROT, when called

by TCSCR, will control throttling of the beam

current to the requested setpoint. Five parameters
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are varied during throttling. They are beam cur-

rent, Jy, discharge current, J., screen electrode

E’
voltage, Vi, magnetic baffle current, Jyg, and
neutralizer keeper voltage, Nk Jp is throttled
in maximum increments of 0.1A until desired set-
point is reached. The appropriate values of Jg»
JMB and VI are calculated assuming a linear re-
lationship between each of them and JB' Vi 1s
changed somewhat differently. Three values are
defined in the thruster common block and used in
different J. ranres. A new throttle command will
be accepted auring tu.cci-. .ot LI necess-. -
direction of throttle will be changed and thrott-
ling will continue until last requested point is

reached.

7) STOP - Control Thruster Shutdown - STOP, when

called by TCSCR, implements a controlled thruster
shutdown. If the beam current is not already

at the low limit, a throttle is invoked before
turning off the supplies. As an exception, if

the thruster is in an off-normal condition and the
correction routine decides the thruster must be
shutdown, a special flag is set and the throttle
is skipped. Also, in some extreme cases, the

software permit will be turned off as a protective

11-32



Rt A T

8)

9)

measure.

PPINT and FIXIT - Detect and Correct Off-Normal

Conditions - PPINT and FIXIT are very closely re-
lated in their functions. Table 11.3.1.4-6 lists
the PPU off-normal conditions which they handle.
The table also shows the actions taken by the two
subtroutines. The off-normal conditions are listed
in priority order (i.e., the order in which PPINT
will initiate corrective action). Subroutine FIXIT
continues corrective a.tion on a specific condition
as directed by PPINT. If PPINT detecte a condition
of higher priority it suspends current action and
initiates action on the new condition. No off-
normal condition is ignored (except high accelerator
current which is handled by another routine), be-
cause the off-normal flags are not cleared unless
conditions are corrected or the thruster is shut-
down. After the higher priority problem is fixed,
PPINT returns to the lower priority problem for
which corrective action was suspended.

LOMOD - Correct Main Discharge Low Mode Condition -

LOMOD is called by TCSCR to correct a problem in
the main discharge commonly called low mode (low
beam current mode). The condition occurs when

excess mercury flow through the main vaporizer
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10)

causes a point to be reached where the normally
positive slope of the beam current versus flow
curve goes through an inflection point and becomes
a negative slope. Being on the negative side of
the slope is called a "low mode'" condition. In
this condition the accelerator current, JA' in-
creases very rapidly as the flow increases. STCHK
(11.3.1.4-3) uses Ja to detect the condition.
LOMOD corrects the problem in the following gen-
eral way. The main vaporizer is turned off to
allow the flow to decrease. At the same time the
discharge voltage 18 increased to prevent the
cathode vaporizer control loop from driving the
cathode flow too high. When Ja is back to normal,
the main vaporizer is turned back on and the dis-
charge voltage reduced. A shutdown is initiated
1f the condition still exists after a prescribed
time and/or number of correction cycles.

NTLMR - Corrects Neutralizer Discharge LowMode -
The basic algorithm is under development and thus
no reportable software is available.

ERROR - Handles PPU Command Transmission Errors -
ERROR is called by PPUIO if a software or hardware
error flag is set in the PPU during command trans-

mission. ERROR initiates a shutdown irmediately
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12)

13)

on any software error but allows up to 10 hardware
errors in any one hour period before shutdown.

TIMER - General Purpose Tim;ng Routine - TIMER is

a general purpose subroutine used for timing
various phases of startup, low mode correction,
etc. It resets and starts the timer and informs
the calling routine when the time requested has
elapsed. The software timer is kept updated by a
system utility routine which monitors the system
hardware clock.

MESSG and STPRT - Printing of Message and Status

Information - MESSG and STPRT are utility subroutines
which provide information to the operator which
allow determination of the status and previous
history of the PPU and thruster. <Currently this
information is printed on the operator's data logger.
Other routines, of course, supply additional in-
formation to supplement the general information
provided by MESSG and STPRT. These routines are
especially important because they reflect the type
of information which the thruster controller must
provide in some appropriate form to the spacecraft

controller and/or ground control.

Utility Routines

This section discusses some of the utility routines
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which are important for an understanding of the soft-
vare implementing the thruster control algorithms.
Only a brief description is given to illustrate the
types of functions provided. Routines concerned with
conversion and printing of alphanumeric data, data
logging, command/time buffer and tape servicing,
command logging and similar functions are not included.
The routines presented hcre handle timing, manual
command input, pseudocommand decoding, command gen-
eration, communications with the power processors,
conversion of telemetry returns and reference commands,
and the generation of telemetry averages.

1) CLOCK and FCLCK - Clock Driver - CLOCK handles in-

put and conversion of the time in seconds from the
hardware clock. ''Current software time'" is a
double precision integer variable (32 bits) repre-
senting the time in seconds. CLOCK may be called
in two modes. In the first mode the value of
"current software time" is simply returned. In
the second the hardware clock is interrogated and
following the return, the eight BCD digits are
converted to double precision binary and used to
update "current software time'. If the value of
the time from the hardware clock is less than the

value of ''current software time'" or if there is no
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2)

3)

response from the hardware clock, the value of
current software time remains unchanged. The value
of current software time is returned to the calling
program.

UPSEC and FUPSC - Software Timers - UPSEC provides

24 second timers to a maximum value of 32,766
seconds. In the reset mode the routine stores as

a negative double precision number the value of
current software time (from CLOCK following an
update) in the designated timer start value loca-
tion. In the read mode the routine obtains a value
for current software time from CLOCK (updated) and
adds the negative start value for the designated
timer. This value is then returned as the current
timer value.

WOMAN - Command Input - WOMAN handles the input of

commands and data control words from the manual
command panel. A parameter in the call is set to
minus one if there has been a command or pseudo-
command input operation. It is set to plus one if
there has been no successful command or pseudo-
command input 6peration, if there was a data con-
trol word input operation or if there was no input
operation. If a manual command input is present,

it is first decoded to determine whether it is a
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4)

comnand/pseudocommand or data control word. If it
1s a data control word, it is placed in the data
control flag location in common and processing
terminates. 1If it is a command/pseudocommand,

the new command flag is the appropriate thruster
common block is tested to see if there is an un-
processed command waiting. If one is waiting,

it is checked to see if it came from the manual
command panel ('new command time'" zero) or from
the command/time buffer. If it came from the
buffer, it is restored to the buffer along with
its associated time. The new command is placed
in the thruster new command location, the new com-
mand flag is set, and the new command time is set
to zero. A message is then printed and the flow
returns to the calling program.

DCODE - Command Decoding - DCODE examines commands ,

pseudocommands and data control words and returns

a series of parameters which characterize the
command. Data control words are differentiated
from other inputs. If the input is not a data
control word, a command status number is returned.
For operational pseudocommands this number is the
"thruster status number" from the control software
corresponding to the status required by the pseudo-

command. Inputs which are not recognized as data
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3)

6)

control words or valid pseudocommands are presumed
to be power processor commands. If the input is a
throttle pseudocommand, a parameter is set to the
throttle point number.

KOMND - PPU Command Generation - KOMND performs

the following functions: it accepts requests for
comnand generation as two decimal numbers; it gen-
erates the corresponding command bit pattern;

it appends the proper thruster address code for the
power processor/thruster combination currently
being serviced; it calls PPUIO and transmits the
comme .d it has generated; it examines the return
from PPUIO for errors and PPU off-normal flags:

if an error is detected, it prints an error message
and calls the error routine, ERROR; if an off-
normal flag is detected, it interrogates the power
processor ''interrupt status' register. prints a
message, and then calls the "interrupt' routine
PPINT; as appropriate it loads stripped power
processor return data, the PPUIO full return words,
and an interrupt flag into operational common; and
returns to the calling program.

PPUIO - PPU I/0 Driver - PPUIO is the power pro-

cessor communications interface driver routine.

When called, PPUIQ first generates correct parity
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11.3.2

11.3.3

11.4

for the command. Next an attempt is made to com-
pute a storage address for the command in the
power processor status blocks at the start of
common. If none can be computed, an error return

is made.

The command is now transmitted to the power pro-
cessor. If a transmission or interpretation error
occurs, the command is retransmitted up to a maxi-
mum of five times. All error flag bits are then
returned and processing stops. If the command is
successfully transmitted in one of the five tries,
the command is stored in one of the thruster status
blocks at the beginning of common. If the command
was a telemetry request, an immediate return is
mw.de. If the command was a setpoint, reference,
or on/off command, it i{s printed on the command/
time printer and then a return is made to the

calling program,

Mecbanical

This item is to be determined because flight-type
nardware design has not been done.

Thermal

This item is to be determined because flight-type
hardware design has not been done.

Interface Definition
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11.4.1

Electrical

The thruster controller has interfaces with the follow-

ing equipment:

1)

2)

3

4)

Thruster power processing units for the trans-
misgion of commands and telemetry requests to these
units and the return of telemetry and status in-
formation.

Spacecraft telemetry, command and control system(s)
f.r the receipt of commands, reprogramming of the
control computer, receipt of time information, and
the return of telemetry, status, and program load-
ing information.

Mercury propellant fee& system for the control of
mercury propellant valves (probably via the power
subsystem) and possibly for the measurement of
propellant tank pressure to allow determination

of propellant use rates and possibly the diagnosis
of possible propellant feed problems.

The power distribution system for (a) the on/off
control of 28 V dc housekeeping to ti thruster
power processing units, (b) possible return of
power processor 28 V dc housckeeping status infor-
mation, (c) return of status information on the
thruster power processing unit solar array bus
switching, and {d) the supply of housekeeping

power to the taruster controlier Itsell.

;-
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11.4.1.1

These interfaces will be examined in greater detail
in the following sectiona. Since hardware has not
been designed, specific information is not avail-
able in many areas.

Thruster Power Processing Unit

The thruster controller distributes commands to the
power processors on an individual basis. To be com-
patible with present power processor designs, the
command and response format must be that deseribed in
detail in applicable document 11.8.5. The thruster
controller should perform both a transmission verifi-
cation (echo check) and an interpretation verification
and abort execution if either check is failed by
dropping the enable line. The command bit rate shall
be TBD (tentatively 10kc). The interface shall process

all commands listed in the document mentioned above.

The allowed power processor address codes and their
power processor/thruster assignment are to be deter-
mined. The present development system and software
uses addresses assigned uniquely to each power pro-
cessor sericl number. System analysis may later show
that addresses should be assigned to specific thruscer
physical lonations on the [light vehicle or be defined

by some other de¢termining factor.
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11.4.1.2

The thruster controller shall meet all signal level
and timing requirements specified in Appendix A to
applicable document 11.8.5. The minimum command
transmission rate shall be TBD (tentatively 100 com-
mands per second).

Spacecraft Telemetry, Command, and Control

The thruster controller receives all commands and
returns all telemetry concerning thruster operations
via this interface. The spacecraft should provide
the capability for storing timed command sequences
of up to TBD commands (tentatively 250) and causing
the thruster controller to execute these commands as
required. The option shall be provided for stopping

the sequence should any command fail to execute.

The interface will provide for the following general

commands:

1) Starc designated thruster.

2) Throttle designated thruster to any one of TBD
(tentatively 100) points.

3) Shutdown designated thruster.

4) Precondition designated thruster.

5) Start and operate neutralizer of designated thruster.

6) Additional status control commands.

In addition the telemetry, command, and control systemwill

process and the thruster controller will receive and pass

11-43



through to the designated power processor/thruster combi-
nation all power processor commands shown in applicable
document 11.8.5. Responses from the power processors
arising from such comnands are returned by the thruster con-

troller via the telemetry, command, and control system.

The thruster controller will format and return telemetry
to the telemetry, command, and control system at the

following rates:

Low Cruise TBD bits per seconds
High Cruise TBD bits per second
Initial Start TBD bits per second
Mal function TBD bits per second

The rates shall be selectable on command from the

telemetry, command, and control system. In addition
the thruster controller will return the status infor-
mation to the telemetry, command, and control system

upon receipt of a suitably coded request.

Upon command the thruster controlier will accept re-
programming from the spacecraft central computer or
ground via this interface. Ground reprogramming will
be possible at the following rates:
High rate TBD bits per sccond
Low rate TBD bits per second

Upon command the thruster controller will read out
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11.4.1.3

selected portions of its memory for transmission to
the ground at the following rates:
Righ rate TBD bits per second
Low rate TBD bits per second
The thruster controller command word format is to be

determined.

The bit rate shall be TBD bits per second. High
signal level shall be TBD. Low signal level shall be
TBD. The thruster controller shall return telemetry

with a format to be determined.

The thruster controller shall accept timing information
from the telemetry, command, and control system suit-
able for the generation of a .lock having a one second
resolution.

Mercury Propellant Feed System

The thruster controller will contrrol all solenoid
valves in the mercury fecd system (probably via the
power subsystem). If latching valves are used, infor-
mation on the status of each valve will be returned

to the thruster controller. Information on the pres-
sure in all mercury propellant tanks should be avail-
able to the thruster controller. (The physical form
of this interface is cependent on the overa.l cCe=..n,

TN

so signal levels, pulse lengths, etc. are ail 73l

)
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11.4.1.4

Power Distribution Unit

This interface involves three separate functional

areas as follows:

1)

3)

The thruster controller will -ontrol the application
and removal of the 28 V dc hous.teeping voltage for
all thructer power processing units. If a latching
system is used, information on the status of the
housekeeping supplies for all power processors
should be available to the thruster controller.

If power to the thruster controller is interrupted,
if volatile memory is lost, or if computer logical
flow is lost, all 28 V dc housekeeping must be
removed from all thruster power processing units
immediately. (The physical form of this interface
is dependent on the overall design so signal levels,
pulse widths, etc. avre TBD.)

The status of the solar arrav bus supplied to each
thruster power processing unit should be continuously
available to the thruster controller. (The physical
form of this interface is dependent on the overall
design and so signal levels, format., ete. are TBD.)
The thruster controller will receive aperating,

power from the power subsvstem. Voltape level:s.
power levels, etc. are TBD. Ppon application of

power the thruster countroller will start in a
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predictable fashi-n; no actions will be taken ef-
fecting a power processor until suitable commands
are received via the telemetry, command and con-
trol system interface.
11.4.2 Mechanical
This item is to be determined because flight-type
hardware desig:r. has not been done.
11.4.3 Thermal
This item is to be determined because flight-type
hardware design has not been done.

1..5 Performance Description

Because hardware has not yet been developed, perfor-
mance description is not applicable. Following are
major performance requirements.

1) Under absolute worst case conditions with all
thrusters operating the maximum time to complete
one circuit of the main control sequence loop
shall not exceed TBD seconds. (Tentatively 20
seconds.)

2) Under normal, stable, beam on operating conditions
the status of each power processor/thruster com-
bination shall be monitored at least once every
TBD seconds. (Tentatively 5 seconds.)

3) Timers avatlable in the control computer shall

time to at least 16,383 seconds with an accuracy
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11.6

11

.7

of plus or minus 5% of reading.

4) The thruster controller shall be capable of oper-
ating TBD thrusters simultaneously. (Tentatively
8 thrusters.)

5) The thruster controller shall be capable of start-
ing TBD thrusters simultaneously. (Tentatively
2 thrusters.)

6) Under absolute worst case conditions the thruster
controller shall initiate corrective action follow-
ing a low to high transition of any power processor
unit off-normal flag line within TBD seconds.
(Tentatively 20 seconds.)

7) The area available for alternate programming in the
control computer memory shall be at least IBD words.
(Tentatively half the area used for thruster con-
trol algorithms, flags, variables, and constants.)

Physical Characteristics

This item is to be determined because flight-type hard-
ware design has not been done.

Development History

It has long been recognized that hardware performing
the functions of the thruster controller would be
required for the operation of a system of ion thrusters
in a flight application. However, the thruster con-

troller is not in as mature a state of development as

T s
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the other components of a functional ion thruster
system. There are various reasons for this lag: (1)
the neceassity for firmly defining the characteristics
and control requirements of the other system compon-
ents before the thruster controller can be defined;
(?) the necessity for assembling multiple thrusters
and power processors, the facilities to operate them
simultaneously, and the control hardware to permit

the development of tested control techniques and
control algorithms; and (3) the fact that the thruster
controller serves to provide a number of iaterface
functions which are dependent on overall space vehicle

design and mission strategy.

A few preliminary studies of the characteristics of a
thruster controller have been made as part of larger
system studies. They are contained in referenccs
11.1.1 and 11.1.2. Applicable document 11.8.6 sum-
marizes the results of a series of consultations
between LeRC and JPL on the subject. Some previous
efforts were devoted to the development oif digital
control techniques for the thrusters and power proces-
sors as described in references 11.1.3 and 11.1.4.
Reference 11.1.5 and 11.1.6 report work of this type

which has been done on smaller 8 ¢m thrusters.
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11.8
11.8.1

11.8.2

11.8.3

The development of multiple thruster control techniques
and thruster control algorithms was begun at the LeRC
in the early 70's and has continued to the present.

For the current tested software package (which is a N
continuation of the work of C. A. Low) the first auto-
matic startup and shutdown of a thruster occurred in
November, 1977. Throttle and anomaly correction cap-
abilities were added to produce the first complete
software package in June 1978. The software has been
undergoing long term evaluation testing since August
1978 as part of the Mission Profile Life Test at
XEROX/EOS in Pasadena. Debugging, refinement, and
documentation activities are continuing through the
present. Exctensive multithruster tests are planned

as part of the BIMOD tests which are scheduled to

start later this year at Tauk 6, LeRC.

Application Documents Enclosed

DePauw, J. F.: Prim. Propulsion Technology Readiness
Program. NASA lLewis Research Center. Julv 1978,

Edkin, R. A.: Ton Drive RIMOD Thrust Mcdule Test Plan.
NASA Lewis Research Center. Solar Electric Propuicion
Office. November 1978

Kramer, E. H.; and Lathem, W. .. Developmental

Multi-Thruster Control Svstem  NASA lewis Rescarch

Center, April 1979.
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11.8.4

11.8.5

11.8.6

Kramer, E. H.: 30 cm PPU/HD 2100 Computer Parallel/
Serial Interface and Timing Circuits. NASA Lewis
Research Center, July 1977.

Coumand and Telemetry Codes of Power Processors for
the 30 cm Ion Thruster. December 1978.

Koerner, T. W.: Preliminary Assessment of Functional
Requirements of the Ion Drive Controller and Inter-

facing Subsystems. Jet Propulsion Lab Interoffice
Memorandum, July 1978.
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Function
Code

110

120

o O F

55

550
750

TABLE 11.3.1.4-1 PSEUDOCOMMAND FUNCTION CODES

Function:

Manual command - transmit immediately

Software Permissive - OFF (Prohibits further commands )

Full Start - automatically implements functions 2=9

Preheat High - sets up high level preheat conditions

Preheat Low - reduces heat level to isolators

Ignition/Heat - sets up conditions to obtein plasma discharge
Beam On - turns accelerating voltage on, etec.

Starts neutralizer only

Preconditions cathode and neutralizer tips

Manual control -disables status checking and off normal
correction routines

Throttles to requested beam power level
Shutdown thruster
Turns thruster off leaving neutralizer 1lit (TBD)

Returns control to software from manual control
(Enables status checking and correction routines)
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Status

Code

ol

03

05

o7

3 &

20
22
23
24
Ly
ks
55

T0
75
77
88
97

99

TABLE 11.3.1.4-2 THRUSTER STATUS CODES

Description

Thruster off

Full start initiated (Phases 2-9 controlled by subr. TCSCR)
Preheat high commands transmitted

Timing preheat high phase

Preheat low commands transmitted

Timing prebeat low phase

Ignitio: /reat commands transmitted

Timing ignition/heat phase and checking for main discharge
ignition

Timing ignition/heat phase (main discharge lit)

Beam on commands transmitted, status set to TS5 and control
turned over to subroutine STCEHK

Correcting neuvtralizer out

Beam current out of limits

Screen voltage out of limits

Correcting for excessive grid arcing
Correcting neutralizer lomode condition
Timing for neutralizer correction algorithm
Neutralizer only starting (or running)
Preconditioning cathode and neutralizer tips
Manual control mode (softwere algorithms disatled)
Normal run mode

Throttling

Correcting main lomode condition

No throttle shutdown

No throitle shutdown, software permit off
Throttle to lowest beam, shutdown
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TABLE 11.3.1.4-3 ALLOWABLE PSEUDOCOMMANDS AS A FUNCTION OF THRUSTER STATUS

STATUS
COES 1 2 L 6 9 55 66

4
(@]
-
~3
\Q
O
N
\
<
-~
]
Q

A 4

X X X X
1,

D D4 D4 DX D B D¢ D D¢ B B B D¢ B4 ¢

bl B e e B B S e R R ]

Y
-
54 5 >

97 (NA)
98 (NA)
99 (NA)

NOTES:

*PSEUDOCQA'AND 550 TURNS OFF THRUSTEK LEAVING NEUTRALIZER LIT,
REINITIALIZES AIPROPRIATE FLAGS AND TIMERS AND UET STATUS TO 5.

** ' SEUDOCQH-AND 750 ASSUMES THRUSTER IS RUMNING NCRMALLY AND SETS
STATUS TO T5. CAUTION. COMMAND IS INTENDED AS RETUFN FRGH MANUAL
CONTROL MODE (70) WHEN OFERATOR IS SURE THRUCTER IS RUNNING NORAAIIY.
USE WITH DISCRET1ON.
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TABLE 11.3.1.4=5 Thruster Operational Parameter
Valuvs & Status for Startup Phases

High Preheat Low Preheat Ignition/Heat Beam On

SUPPFLIES AND INTERLOCKS SWw Jg Vv W J Vv W J V S J v

Main Vaporizer 1.5
Heater (o) (8] 0 + PC
Cathode Vaporizer 2.0 2.0
Heater 0 0 + FC + PC
Cathode Tip Heater + 42 + * + ¥ + *
isolator Heater

Enable) + + o 0

Neutralizer Tip

Heatsr + 4,0 + * + PR

Neutralizer Vaporizer 2,0 2.0 2.0 2.¢
Heateyr Q FC + PC + PC + PC

Neutralizer Keeper + 2.4 17 + 2.4 17 + 24 1T + 1,8 *
(Neutralizer Keeper

Interlock) 0 0 0 .

Cathode Keeper + 1l.C + 1.0 + 1.0 + 1,0

Main Discharge + T.0 ¥ + 5.0 36 + W 36y e 32

Accelerator Electrode(-) O 300 O 300 0 300 + 300
Screen Electrode (+) o} o 0 + e

Mognetic Raffle 0 0 + W + R

Beam Current - *
(Isolator Heater + + o) 0

Switch)

¥ Cathode and neutralizer tip heater settings depend on status of discharges
(1it or not 1it)

** . “Ttware selectable and to some extent thruster dependent
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TO SPACECRAFT

TELEMETRY, COMMAND, AND CONTROL SYSTEM

s

| TurUSTER |
| coNTROLLER COMMUNICATIONS
| INTERFACE TIME |
| ! |
| |
! CONTROL COMPUTER '
| l
l POWER PROCESSOR POWER DISTRIBUTION UNIT |
' INTERFACE INTERFACE |
I
O X A ———
Hg
PPU #1
ALVES
- 28V POWER
§ DISTRIBUTION
\ s Hg UNIT
PPU 42 28V vaLVES [ ]
-
| 9 s/A BUS
Yo
‘ Hg
PPU #N :'—— gy LYALVES ———
t S/A_BUS

" Figure 11.3.1.1-1 Thruster Controller Conceptual Block Diagram
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Figure 11.3.1.1-2
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COMMON

Each PPU/Computer Interface Interconnection
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Figure 11.3.1.4-1 Thruster Control Software
Functional Block Diagram
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12.
12.

(2]

Power Distribution

Reference Drcuments

None.

Functional Requirements

1)

2

3)

<)

3)

The PDU shall provide solar arrav power to each
PPL uron command.

-he PIU shall »rovide independent 28 volt power
from the mission module batterv bus to each PPU
upon cormand.

The PDU shall ~rovide fault clearing and isolation
between vaci. PP and the solar array.

The PDU xhall -rovide sensors for monitoring con-
figuration und merformance within the Thrust Sub-
Svstem (TUSY sower svstem.

The PDU shall rrovide nower to the TSS heaters
and vaives unea command.

The PDRU wv 11 interface with the TSS contreller
for Jueta o and coemand furertions,

The PDU - hall cvovide everload nrotection on

all Tow velioce vtoewer circuits.

The PDU shall vrovide other power as required

bv ounics wo-hin the T8S,

Functional Dewerintiom

Electrical

The funcriona: ' lock Jayram (fig. 12.3.1-1) indi-

cuares the = in elorotrn of the PDU and its interfaces.



The primary power is the solar array bus which is
brought in to terminals. This bus is maintained
within 200 to 400 volts by reconfiguration of the
array modules external to the TSS. Both sides of the
solar array are isolated from spacecraft ground while

the center tap could be kept at S/C ground.

The solar array bus power switch is a quad-redundant
configuration of nigh power hybrid switches. The
primary function is to clear the solar array bus in
the event of a PPU input fault. Each switch consists
of a motor driven switch in parallel with high power
transistors. The switch is in development stage at

this time.

The solar arrav power is provided to each PPU through
series redundant relays. Switching may be provided
on both sides of the PPU input power lines to isolate
any faults that mav unbalance the solar array-space-
craft potencial. These relays are not intended to
provide fault clearing nor hot switching of PPU in-
put power. Thus a hybrid switch would not be neces-

sary for this application.

The function ~f the precharge converter is to provide
low level faulr detection current after the bus power

switch has ospened. The converter also provides cur-

12-3



rent to charge the PPU input filter before reclosing
the bus power switch, thus preventing transient over-
loading of the solar array. At normal solar array
bus voltages the converter draws minimal power in

the unloaded condition.

The 28 volt power is provided to each PPU through a
parallel redundant relay and fuse. These are main-
tained as separate circuits from the battery bus in
the mission module to minimize transients to other

PPU’'s in the event of a 28 V fault in one PPU.

The 28 V power from the mission module also provides
power switching to actuate latching solenoid valves
in the PS&D system and the BIMOD feed lines, power
the gimbal electronics and, in the present concept,
power the BIMOD heaters as required. If the heaters
are to operate from the solar array bus, hybrid

switches may be required.

Logic level command signals to solid state drivers
transter the relavs and switches within the PDU.
Ootions are to have the thruster controller output

a logic level signal for each switching function
within the PDU or for the PDU to decode command words
from the controller. Solid state switches and cur-

rent limiring could be used for the 28 volt power



12.3.2

3.

3

switching but present additional circuit and heat

sink complexity. \

The voltage and current sensors distributed within
the PDU allow monitoring and diagnosis of TSS per-
formance. These sensors are powered from the 28
volt bus and provide an analog output. Other in-
strumentation such as temperatures and pressures,
within the interface module ard each BIMOD will re-
quire signal conditioning. All analog data channels
would then require multiplexing and A to D conversion
to generate an input co the thruster controller.
Depending on the total number of channels this in-
strumentation signal processing could be done in the
PDU or in a suparate signal conditioning unic.
Mechanical

The weight estimate for all components and wiring

within the PDU is o»stimated at 45 pounds.

The size and lavout is TBD although there may be some
advantage to integruting the solar array bus with the
interface module structure.

Thermal

The operatine temperature limits are presently speci-

fied as -30° C to +55° C.

No dissipaticrn has been established for any internal
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12.3.4

components but the total dissipation should be less
than 50 watts.

Operational Characteristics

The operational characteristics of the PDU can be ex-
plained by reference to the functional block diagram

(fig. 12.3.1-1).

The hybrid power switch in the solar array input line
is normally closed and the PPU input relays are also
normally closed thus applying solar array power to
all PPU inputs and keeping the input filters charged.
For non-operating conditions, the PPU 28 volt switch
is open, thus disabling the PPU. In this mode each
PPU draws about two watts from the solar array bus.
When the 28 volt power is applied to the PPU, in the
standby mode, it draws about 25 watts from the solar
array bus. As each PPU is enabled, BIMOD heaters will
be switched off to minimize the load on the 28 volt

bus.

Variations in thrust level will move the operating
point along the solar array characteristic curve. An
abnormal event such as loss of peak power tracking
capability (external to the TSS) or a PPU input fault
could cause the operating point to exceed the knee of
the solar array curve thus causing the array voltage

to collapse. This second condition would be sensed
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12.4
12.4.1

within the PDU and after a time delay, either direct-

ly or through the thruster controller, cause the

hybrid power switch to open the solar array bus thus
clearing the fault. The 23 volt power would then be
removed from all PPU's. 1If a permanent fault exists

it will be detected by the limited short circuit cur-

rent of the precharge converter. Opening the PPU power
relays will then isolate the failed PPU, The PPU power
relays would be reclosed to check if the fault had cleared,
as would be the case for a PPU-SCR 'latch-up”. 1If the
fault was still present, the PPU would be removed from the

bus and remain off line.

The precharge converter now charges the input filters
of the PPU's. The hvbrid power switch can now be
closed without causing a transient due to filter
inrush current. The PD!' is again ready to support
thruster operation.

Interface Definition

Electrical

Electrical interfaces to the mission module consist

of unreculated solar array power, regulated housekeep-
ing nower, commands to the ion drive controller, and
signal lines to the mission module data system.
Electrical interfaces to the BIMODs consist of ther-
mal heater power, vaive control lines, gimbal elec-
rronics, independent circuits for each 200 to 40

volt unregulated bus power irput, independent cir-
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12.4.1.1

12.4.1.2

B R R4 e e cmeem e ams

cuits for each PPU regulated bus input, and thrust
subsystem temperature, pressure, and power system

wonitors.

The thrust subsystem power distribution shall provide
for maintaining electrical isolation from spacecraft
structure fo. all interface power, TLM, and command

lines.

Solar Array Interface

Unregulated solar array power is provided to the
thrust subsystem from the solar array reconfiguration
unit. The positive side of the solar array power is
redundantly fed to hybrid contactors in the thrust
subsystem interface module by pair of power cables.
The load side of the contactors is connected to a
positive array bus bar. The negative side of the
array is directly fed to a negative array bus bar in
the thrust subsystem interface module by a pair of
power cables. All terminations are on stud connec-
tions.

Regulated Bus Interface

Regulated bus power is provided to the thrust sub-
system from the mission module battery bus. A total
of nine independent circuits consisting of a pair of
No. 16 AWG wires each (power and return) are fed

into the interface module. One circuit is dedicated

12-8



12.4.1.3

12.4.1.4

12.4.1.5

to each PPU and the remaining circuit powers the
thrust subsystem housekeeping functions, (signal
conditioning, relay driver, current sensors). In-
dependent circuits are employed to provide PPU power
circuit isolation so that a fault on one FPU regula-
ted bus input would be less likely to undervoltage
the remaining units.

Thruster Controller Interface

The mission module interface with the thruster con-
troller corsists of a clock signal, data line and a
command line, and a regulated bus power feed. Each
PPU interfaces with the thruster controller with the
following circuits: interrupt line, data line, clock,
enable and commard circuits.

PPU inregulated Bus Interface

The positive array bus bar in the interface module 1s
wired to the power relays providing unregulated

array power to each PPU. The negative array bus bax
is wired directly to each PPU providing the return
for the unregulated arrav power. The PPU unregulated
bus relays are series redundant to assure isolation
of a faulted load from the bus.

PPU Regulated Bus Interface

Each PPU regulated bus input is provided by parallel
redundant stancdard rower relavs. Fusing is used to

provide fault isclation on the battery supported

12-9
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12.4.1.6

12.4.1.7

12.4.2

regulated bus. The regulated bus power and return
lines for each PPU are carriea as separate circuits
back to the battery bus in the mission module. This
reduces the charge that a surge on one PPU input
could induce as undervoltage condition in the remain-
ing thrust subsystem mission module loads.

Auxiliary Loads

Standard 28 V power relays (latching) are used to
power the following circuits from the regulated bus
by command from the thruster controller; BIMOD
heaters, propellant solenoid valves, transducers,
signal conditioning circuits, and telemetry format-
ting circuits.

Telemetry Interfaces

All thruster data is passed to the mission module by
the thruster controller. A separate signal con-
ditioning and formatting circuit provides thrust sub-
system housekeeping parameters (temperatures, pres-
sures, power system status, etc.) directly to <he
mission module data system. These parameters are
also made available to the thruster controller for
monitoring of thrust subsystem status.

Mechanical

The power distribution unit and the signal conditions
circuits in the thrust subsystem interface module

may be housed in a common or separate enclosure (TBD)

12-10




12.4.3

12.5

that will require mounting in the interface module.
Preference for separate enclosures is driven by the
different functions to be performed and perssible in-
compatibility problems that could be minimized. The
signal conditioning and control circuits could be
housed in an enclosure of less than 0.5 cubic foot
with a weight of less than 10 pounds. The 28 V
power distribution hardware could be housed in an
enclosure o: less than 1.0 cubic foot wirh a weight
of less than 45 pounds. The high power contactors
(hybrid switch) and the PPU unregulated bus power
relays would be mounted on an open plate that could
form a structural element of the interface unit.
Estimated weight for the components on this plate

is 25 pounds.

Thermal

The power distribution unit and signal conditioning
circuits in the thrust subsystem interface module
contain active devices which dissipate heat and will

require a contrclled ambient temperature. The total

heat dissipated is TBD but will be less than 30 watts.

Required ovperatinpg temperature range is from -30 to
+55© C.

Performancc Description

Hot applicable.
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12.6

12.7

12.8

Physical Characteristics and Constraints

The physical characteristics and constraints for the
PDU have not been established and will be determined
at a later date.

Development History

The history of the PDU is generally centered around
the development of switchgear capable of handling
high power, in the range of 25 kW. Other relays,
switches, transistors, etc. found in the PDU are
standard components already developed and qualified
for space application. However, the switch to handle
200 to 400 V dc at 25 kW does not exist. It will
have to be scaled upwards or developed specifically

for use in the PDU.

A Westinghouse contract exists for a development of
a 25 kW switch, and other companies, such as Hartman,
Kinetics and Ward-lLeonard have shown an interest in
developing the switch. Others in the field like
Teledyne, Potter & Brumfield, Cutler-Hanmer, Leach,
Clare, ITT Jennings, Kilovac, and Babcock have the
capability, but have shown no interest.

Applicable Documents Enclcsed

None.
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i Ladiied

Propellant Storage and Distribution
This section describes the propellant storage and dis-

tribution system that has been designed to meet the
requirements of the 30-cm thruster and a wide variety
of missions that would urtilize the 30-cm thrusters.
Reference Documents

Lestingi, J.; and Zavesky, R. J.: Constrained Slosh-
ing of Liquid Mercury in a Flexible Spherical Tank.
AIAA Paper 78-670, 1978.

Zavesky, R. J.; and Hurst, E.B.: Mechanical Design

of SERT 11 Thruster System. NASA TM X-2518, 1972.
Functional Requirements

The functional requirements of the propellant storage
and distribution system are: (1) to store the required
mercury for the lifetime of the mission, (2) to iso-
late the propellant from the thruster during launch so
that the dynamic environment does not have a detrimen-
tal effect on the operation of the thruster, and (3) to
supply the propellant to the thruster within a pressure
range that satisfies the requirements of the thruster.

Functional Description

The baseline propellant storage and distribution system

is shown in figure 13.3-1. The baseline system contains
two propellant tanks. Figure 13.3-2 illustrates a sin-

gle tank for comparison.

Electricsl

The propellant storage and distribution electrical sys-
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tem is shown in Figure 13.3-1 and consists of the sole-
nold-operated latching valves, the pressure transducers,

and the temperature transcucers.

The solenoid latching valves are off during launch, such
that the propellant is in the line up to these valves.
Operation of the solenoid latching valves to the "on"
condition will open these valves to the manifold and
distribute the propellant through the interface struct-
ure to the bimodular engine svstems (BIMOD). Within
each BIMOD there are two solenoid latching valves, one
for each thruster. When these valves are activated to
the "on" condition, the propellant will flow to the

three vaporizers within the thruscter.

The pressure transducers a#s shown in figure 13.3-1 are
located in the line connecting the two propellant stor-
age tanks, and on the manifold that distributes che pro-
pellant to the four BIMODs. These two pressure trans-

ducers are to be "on" at all times when operating voltage

is available.

The temperature transducers as shown in figure 12.3-1

are located on the two propellant storage tanks. These
two transducers, which actually are resistive thermistors,
are to be "on" at all times when operating voltage is

available.
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Mechanical
The following discussion covers the functional role of each
component of the propellant storage and distribution system.

Storage Tank

The storage tank design is a derivative of the design
approach employed by the Space Electric Rocket Test

Two (SERT II) system (figure 13.3.2-1). The tank de-
sign is a passive nitrogen blowdown system. The mer-
cury is contained in a spherical shell. An elastomeric
bladder separates the mercury propellant from the pressur-
ized nitrogen gas. The tank contains an internal metal
liner which supports the bladder during the launch envir-
onment, thus minimizing the sloshing effects. The per-
torated liner holes permit the pressurized gas to pass
through the liner and move the bladder. A tank with a

capacity of 91 kg of mercury is shown in figure 13.3.2-2.

The volume of mercury {s determined by the mission re-
quirements. Some missions may not require the full
sphere of mercury propellant. A storage tank of the
same outside dimensions can be employed and the shape
of the bladder support liner need only be changed
(Figure 13.3.2-3) for the required volume of mercury.
This concept minimizes slosh effects during the launch

environment.

The nitrogen gas volume is designed for an initial

pressure of 50 psia when the tank is full of mercury
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and 15 psia when the tank is empty. These pressures :
are dictated by the requirements of the thruster vapor-
izers. The upper pressure limit of SO psia was deter-
mined from the intrusion pressure of the porous tung- \
sten that is used for vaporizer flow control. The

lower limit is determined by the partial pressure of
mercury. The liquid to vapor interface must be re-
tained at the iiquid side of the plug: therefore, the
propellant system must supply mercury at a higher press-
ure than the partial pressure of mercury at the operat-
ing temperature of the vaporizer. A safety factor of
2:1 has been employed on both pressure requirements.
Valves

The nitrogen and mercury fill valves are identical to
the flight proven SERT II hardware. They will be used
to fill and drain the system. The redundant mercury
solencid latching valves are used to isolate the mercury
from the thrusters during the launch environment. Mer-
cury will be contained in the system up to the two re-
dundant solenoid latching valves during launch. A sole-
noid latching wvalve {3 in each thruster feed line close
to each thruster. This valve will only be used to
isolate a malfunctioning thruster.

Instrumentation

The pressure transducer is mounted in the mercury line
close to the tank. Puvessure changes are used to deter-

mine the amount of mercury used over a period of time.
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The temperature of the tank, and specifically the
temperature of gas, must also be monitored because

it has the largest variational effect on the system

pressure.

Another pressure transducer is mounted at the manifold.
It is used to monitor the pressure and verify that mer-
cury has been distributed to the thrusters after the
isolation valve has been opened. Another fill and
drain valve is also placed in the system at this point,
in order to purge the system, and properly load and

unload the mercury.

The temperazure transducer is mounted to the propellant
tank wall, and will be used to monitor the mercury and
nitrogen pressurant temperature.

Distribution System

The manifold distributes the mercury to the BIMODs or

thrusters.

The flexible gimbal line is a coiled spring tube which
complies with the movement of gimbals. Field joirts

are used in the appropriate places such as at the valves,
and across structures. Tubing will vary from 1/8-inch
diameter for the tubing on the tank side of the manifold,
to 1/16 inch diameter tubing on the thruster side. The
1/8-inch diameter tubing is required tc evacuate the
system during the filling operation. The 1/16-inch tub-

ing is more than adequate for mercury flow, and is used

13-9
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to keep the propellant utilization high because of the
small mercury volume in tubes and components. The 1/16-
inch diameter tubing in the flexible gimbal line is

casier to flex than the 1/8-inch tubing.

All materials in contact with the mercury have been
flight tested on SERT Il for nine years. The pressures
of both feed systems on SERT II have been monitored
during the lifetime of the flight. The decrease in
pressure has been directly related to utilization of
the mercury.

Thermal

The required thermal environment(s) for the propellant
storage and distribution system shall be maintained by

&4 combination of multilayer insulation and supplementary

heaters.

The propellant feed lines shall be located inside the
BIMOD cavity and between the aft insulation of the BIMOD
and the thrusters. In a non-operating mode at distant
astronautical units (A.U.), it will be required to wrap
the feed lines with multilayer insulation and supplemen-
tary heaters to prevent the freezing of mercury. The

amount of heater power required is to be determined (TBD).

The propellant storage system shall be located in the
interface module along with other components. Previous

analyses of the interface module indicate that the storage
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system temperature limits can be maintained with the
assistance of approximately 15 watts of supplementary
heaving fcr each propellant tank.

Operational Characteristics

The present propellant storage tank has a capacity’;f
1000 kg of mercury. The tank is designed to operate at
50-psia nitrogen pressure at the beginning of the flighc,
and at 15 psia when all of the mercury in the tank has
been expelled.

Interface Definition

Elec.rical

The electrical interface definitions as referred to in
the functional description (section 13.3.1) are as
shown in figure 13.4.1-1. They consist of the solenoid-
operated latching valves, the pressure transducers, and

the temperature transducers.

The solenoid-operated latching valves use a three-pin
Bendix PTIH-8-3P electrical connector, or equal for the
three wires. The electrical schematic of the connector

is shown in figure 13.5.10-1.

The pressure transducers use an electrical connector
designated as HSC S7002-8-4P for four wires. The elec-

trical wiring for this connector is shown in Figure

13.4,.2-6.
T-e temperature transducers will operate across a

13-11
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standerd resistive telemetry circuit as shown in
figure 13.5.12-1.

Mechanical

The propellant storage and distribution system is
shown schematically in figures 13.3-1 and 13.3-2.

The various components that make up this system are
listed in table 13.4.Z-1, along with other appropriate

information.

The mercury tanks (fig 13.4.2-2) are suspended from
the interface truss by eight 1l-inch aluminum tubes
which are attached to four mounting points at the tank
flange using adapter fittings as described in section
10.3.2. The temperature transducer (fig 13.4.2-3) is
threaded into a tapped hole located at the base of the
mercury tank. Tae nitrogen fill valve (figs. 13.4.2-4
and 13.4.2-5) is welded into the nitrogen chamber on
the top side of the mercury tank. A pressure trans-
ducer (fig. 13.4.2-6) is mounted in the comnon mercury
line using a fitring similar to that shown in figure
13.4.2-7. The transducer is threaded into the ficring.
The mercury lines are brazed into the fitting. The
mercury fill and drain valves (figs. 13.4.2-8 and
13.4.2-9) are located at two points. One valve is in
the main mercury feed line, the cther is near the end
of the main manifold (figure 13.4.2-10). The mercury

lines are brazed into the valve flanges. There are two
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solenoid latching valves (fig. 13.4.2-11) located
between the mercury tanks and the main manifold.
These valves use Resistoflex fittings to connect them
to the mercury lines. The main manifold is shown in
figure 13.4.2-10. All mercury lines are brazed into
the manifold. A pressure transducer (Fig. 13.4.2-6)

is threaded into one end of the manifold.

A solenoid latching valve (fig. 13.4.2-11) is used in
the line to each thruster. The joints are Resistoflex
fittings. A flexible gimbal line (fig. 13.4.2-12)

is used to get the mercury across the gimbal joint.

A "Y"-fitting (fig. 13.4.2-13) is used in each BIMOD

to divide the mercury feedline to each thruster. The
mercury lines are brazed into this Y-fitting. All

of the field jecints used in the PS&D system are Resisto-
flex fittings as shown in figures 13.4.2-14 and 13.4.2-15.
The mercury lines are brazed into these fitrings.
Thermal

The design temperature limits of the propellant storage

0 o .
and distribution system are +80 C and -35 L.

The propellant tank is located in the controlled thermal
environment of the interface module. Constant tempera-

ture control of the mercury is desirable.

Performance Description

Materials Comnatibility

The materials used for the construction of the mercury
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propellant tank and all components of the propellant
storage and distribution system have been in constant
use in the developmen:tal testing of mercury ion pro-
pulsion systems by Hughes, JASA LeRC, and others, for
over twenty years. The same materials have been flight
qualified during the SLRT II and the ion auxiliary
propulsion system (IAPS) programs, and have been in
functional use on the SERT II spacecraft for over nine
years of space operation. During that period, there
has been no evidence of stress corrosion, electrclyte

attack, or other symptoms of material failuse or incom-

patibilicy.

A list of the materials that would be in contact with
the mercury are:
1) 300 series stainless steel, primarily alloys 304
and 321
2) 17-4 PH stainless steel
3) Butyl rubber
4) Buna "N" O-ring material

Mercury Purity

There are two known basic concerns of mercury purity.
First, non-volatiles, such as silver, pold, and rovper,
may cause mercury to wet the porous tungsten vaporizer
and cause liquid mercury penetration of the pores.

Second, gases absorbed in the mercury, such as 02, HQO'

N,, may be evolved through the veporizer and cause
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cathode insert contamination.

The required mercury purity was established during the
SERT II flight program. This requirement is being

used for the 8 cm thruster IAPS f£light program: A

LeRC specification for '"Mercury, Standards for High-
Purity'" was written in 1965. It is included as applica-
ble document No. 13.8-1. The recuired ourity listed in
this specification is too high, and was mocified for zhe

SERT II and 8 cm thruster programs.

The following revised mercury purity specification
is recormended: The teotal non-volatile concentration
shall be 1.5 ppm or less, and the maximum limit of anv

one element shall be 0.5 ppm or less.

For the IAPS flight nrogram the absorbed pases in the
mercury will be removed by the followins handling »nro-
cedure. Vacuum distillation of mercury directlw into
the propellant tanks allows volat.le nases o be remeved.
The discrillation also tends o further reduce anv
nonvolatile impuritv. Another wav to reanve rases (rom
mercurv is to permit liquid mercurv te sprlash cver a
geries of baffles while the haffle rerion is heine
vacuum pumned. [lo known cuantitative measurcemenis are
available from lNiphes or Lewis for welatiles in liguid
mercurv, either before cr afrer wvacu:~m <rcatment.  How-
ever, most mercurv samples. when vicuur ~urned, will
"bump" or ''gurcle' while releasinr ahsrrhed £agces
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Therefore, it is recommended that either vacuum dis-
tillation or vacuum splashing be used.

Mercurv Slosh Dvnamics

An important consideration in the use of a propellant
tank of the SEP design is the evaluation of the liquid
sloshing characteristics of the partially loaded flexi-
ble tank. A study was made to analytically determine the
resonant frequencies of the tank system and compare them
with the anticipated control natural frequency of a
spacecraft. This work was accomplished in reference
13.1.1. The system studied was the 20-inch diameter
tank.

For this system, the lowest natural frequency was found
to be 0.593 hertz, which is higher than the lowest natura!l
frequency of most proposed spacecraft. This lowest nat-
ural frequencyv was assumed to be at the root of the

solar array (0.015 Hz).

Two Tank System

The only difference between the schematics shown in
figures 13.3-1 and 13.3-2 {s the number of storage tanks.
The single tank system is lighter than a multiple tank
system. The total weight of the support structure and
tank svstem combined is lighter for the multiple tank
system. Multiple tank loads are easier to distribute in-
to the support structure and hard mounting points. Either

system is acceptable.

Two tanks operate exactlv like a single tank system after
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they are filled. In order to expel mercury at an equal
rate from both tanks, the tanks are pressurized with a
common line. This filling procedure insures that the

gas pressure is equal in both tanks, and mercuryv will be
expelled at the same rate. Sloshing dynamic effects

are different for a single tank than for a two tanzk svs-
tem because mercury can flow from -nk to tank. Although
the calculations of this natural frequency have not beer
made, each tank should act as though it is somewhat iso-
lated because the tubing acts as an orifice causing damp-
ing of the flow. If a two tank design is considered,
natural frequency calculations should be made.
Off-Loading the Tank

A large increase in pressure of the provellant could cause
intrusion (ie, liquid penerration) of the vaporizers.
Since mercury is an incompressable fluid, and its thermal
coefficient of expansion is greater than the stainless
steel, the tank cannnt ba completely filled. 1If the tank
were completely filled, a temperature rise would cause

a large increase in pressure which would in turn cause
intrusion of the vaporizers. In order to pre&en: iriru-
sion the tank will be filled to something below its maxi-
mum capacity. Figure 13.5.5-1 shows fill fracrion and

reservoir pressure (both at 80% C) as a function of

loading temperature for a tank fill fraction (initial)
of 0.96 and a reservoir pressure (initial) of 50 psia.

The 0.96 fill fraction was arbitrarily chosen for this
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calculation. 1f the maximum temperature expected is
80°c, then a higher starting fill fraction could have
been selected. The dynamic support of the mercury will
be better 1f the fill fraction is as high as possible.

It would be better to use a fill fraction of 0.99.

Figure 13.5.5-1 also shows the increase in pressure of
the gas pressurant due to an increase in loading tempera-
ture. This increase is almost insignificant.

System Utilization

The BIMOD propellant storage and distribution system
ideally is capable of 98.5% utilization. The residuals
are caused by the bladder of the tank and by the flow
volume of the components, primarily the tubing. Apﬁll-
cadble document 13.8.3 (NASA Drawing CD-638484) shows the
bladder rib pattern that is used to control the mercury
to the tank outlet hole especially whan the tank is almost

empty.

A small amount of mercury will be trapped in the cormers
of the ribs. Vhen the bladder is laying against the front
hemisphere of the tank, it cannot displace mercury, and
the amount of mercury trapped in the components and lines
is not usable.

Tank Confipuration

For a number of reasons, the best configuration for
housing a heavy liquid such as mercury is a sph. re. The

shape of the gar pressurant volume can vary to suit the

13-18



13.5.8

packaging needs of the spacecraft. The original

tank configuration as proposed by Electro Optical Sys-
tems had a cylindrical section and a hemisphere for the
nitrogen gas volume. (fig. 13.5.7-1) This configuration
is long. In order to reduce the package length, the gas

volume was redesigned for SERT II (fig. 13.3.2-1).

By increasing the diameter, the length of the package was
reduced. The back of the gas enclosure was designed as

a constant stress membrane.

The tank shown in figures 13.4.2-2 and 13.3.2-2 has

been designed for SEPS. The mercury is enclosed in a
sphere. For load carrying cavability the mounting flange
of a large tank normally can be as heavy as the rest of
the tank. The front part of the flarge is designed as

a nart of the front hemisphere. It is designed as a
holiow, high-torsion canabilityv, lightweizht section.

The liner (bladder support) is welded to the other half
of the flange that is used to clarmp che bladder and seal
the mercury and gas pressurant. The gas enclosure is
welded to the front flange. This design dcuble seals

the mercury. The flange clamps the O-ring of the
bladder. Then the gas enclosure, the flange, and the
front henisphere form a closed tank. This desipn allows
the gas pressurant enclosure diameter to be as larse as
the flange diameter vielding a verv compact configuration.

Tank Stress Calculations
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A stress analysis of the 50.8-cm diameter tank shown in
figures 13.3.2-2 and 13.4.2-2 was made by the Vehicle
Structures Section of HASA LeRC using the following
assumptions: (1) a factor of safety of 1.667 was used
for burst pressure, (2) burst pressure - 1.667 X 50 psi

= 83.3 psi, and (3) the flight design loads were: (a) op-
eratinp pressure - 50 psi, (b) mercury weight = 936 kg,
(¢) inertia load factors: 10 g longitudinal and 6 g

lateral.

A cony of the comnlete analyvsis is available in applicable
document 13.8.2.

13.5.9 Fill Valves
The fill and drain valves shown in figures 13.4.2-4 and
13.4.2-5 were flown on SERT II and have been in space for
over nine vears. A valve similar to the SERT Il valve
was designed by Llectro Optical Svstems for the SERT
apnlication. The nrincinle of the spring loaded plunger
was retained, but the seat design was modified. The re-
vised design allows the O-ring (fiz. 13.4.2-4) to seat
flat against the valve housing. A lock nut was added to
the sluncer to nrevent the valve from vibracing open
during the launch environment. The valve in the closed
position (fip. 13.4.2-L) shows the nluncer secured in
place. The valve is double sealed by the O-rinp seal
that is desipned into che can. Referring to figure 13.4.2-5
(valve in the onen position), the lock nut has been removed,

and the cap has been renlacec by a stem which automaticalle
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depresses the plunger to open the valve. The stem is
designed so that its O-ring is sealed before the plunger
is disturbed during installation. The plunger is seated
before the stem O-ring is disengaged during removal. This
vaive design was used for both the mercury and nitrogen

pressurant.

Figures 13.4.2-8 and 13.4.2-9 show the same valve with a
manifold type base. This design will be used for remote
operation, where the base could be mounted to a structural
member.

Solenoid Latching Valve

The solenoid latching valve or isolation valve is a Valcor
Engineering Part No. V27200-578 (see fig. 13.4.2-11). The
moving element is held in its open or closed position by

a permanent magnet circuit that requires no holding power.

The solenoid latching valve has the following parameters:
Weight (estimared), 1b................ ... n.6

Operating pressure, psig (bidirectional).30

Proof pressure, nsig......... ... ..... ... 50

Burst pressure, psig.......... ......... 120

Temperature (ambient and Fluid), °F. ... -36 to 176
The valve electrical parameters are:

Power at 22 Vde, W.. ... ... .. . v 30

Voltage, Vde. .. .. ..o viiiv i n 22 to 34

Duty eyecle.. . .. .. Intermittent

Latching pulse (minimum) ,misc...........530 to 100
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The valve electrical connector is a 3-pin Bendix
PTIH-8-3P, or equal. The electrical schematic of the

connector is shown in figure 13.5.10-1.

The Valcor valve was selected over pyrotechnic-type
valves after an extensive testing propram. The inform-
ation has been documented in a Hughes report, "Test
Report, Mercury Shutoff Valves, Special Test" (see
applicable document 13.8.4).

One of the anticipated problems of using an isolation
valve is that when the valve is opened the dynanmic effect
of the mercury flow could cause intrusion of vaporizers.
As a part of the 8-cm IAPS flight program Hughes tested
the valve to determine what pressure surge could be
identified at the vaporizer. The test setup is shown in
figure 13.5.10-2. Mercury was loaded in the system up

to the test valve. The line between the test valve and
the high response pressure transducer was evacuated through
valve V-4. The system was pressurized to 35 psia and

the test valve opened. A plot of the pressure vs. time
(fig. 13.5.10-3) shows that the surge was very low. The
reason is the high impedance to flow was caused by the
1/16-inch-diameter tubing, and the simulated feed tube
coil. The valve was also actuated with mercury in *he
system. There was no apparent pressure increase due to
the actuation. The Valcor valve has no effect on the

vaporizer operation.
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13.5.11

13.5.12

Pressure Transducer

The pressure transducers are the same transducers that
are used by Hughes for the IAPS program. The trans-
ducer (C.J. Enterpriges Model CJSG-3i01) has a range of

0 to 50 psia and has the following electrical parameters:

Current (maximum), mA.................... 15

Input voltage, Vdc...............ocnvnnn. 28%4
Output voltage, Vdc...................... Dta 5
Limiting voltage, Vdec...............vnnn -1 and 7
Output impedance, ohm.................... 100
Output noise, mVRMS (dc to 10 kHz)....... 10
Isolation resistance at 50 Vdc, Mohm..... 100

The regulation of chese transducers is fs mV maximum
change over the entire range of 28%4 vdc. The transducers
electrical connectors are designated as HSC S 7002-8-4P
and wired as:

Pin A is Pos. Exc. Pin B is Pos. Out

Pin C is Neg. Out Pin D is [leg. Lxc.

As a part of the IAPS program, Hushes has written a test
procedure and test report covering the nropellant tankage,
valves, and feed unit (avnlicable documents 13.8.5 and
13.3.6, respectively). The pressure transducer testing
was included.

Temperature Transducer

The temperature transducer is a Fenwall Electronics, Inc.
thermistor. The iso-curve thermistor is a CB34PM292 unit

potted in a H3/ probe assembly.
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13.5.13

The thermistor's electrical parameters are:

Input voltage, Vde.......................... 5

Output voltage, Vde. .......... .0 i, D to 5
Resistance (R ) at 77° F, Kohm.............. A

Operating temperature range, ° F............ -50 to +350

The temperature transducer will operate across a standard
resistive telemetry circuit as shiown in figure 13.5.12-1.
Field Joint
The field joints all use Resistoflex fittings (shown in
fig. 13.4.2-14 and 13.4.2-15). These fittings are all the
same size except for the mounting hole for the mercury
tubes. The design attributes of the Resistoflex fittings
shown in figure 13.5.13-1 are listed below:
1) The beam portion of the shoulder continues to
seal at its inner edge after tightening. The
Belleville spring action serves as a lock for
the entire union, oreventing looseninp. The
forces built up in the union are parallel to the
center line, which assures no deformation of the
sealing interface or restriction of the fluid
streams. This also permits each area to serve its
own function without being dependent on any other
function.
2) Resistoflex €ittings are lighter than flared, modi-
fied flared and flareless fittingy desipns.

3) The protrusion of the tube shculder into the connec-
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13.5.14

13.5.15

13.6

tor is at a minimum. This facilitates installation

of tubing particularly short runs and straight lengths.

4) Because the stress on sealing surfaces is controlled
by the build-in dimensions, the Resistoflex fitting
is not torque sensitive.

Fill and Drain Procedure

The actual fill and drain procedure has not been finalized

for a SEPS size propellant tank. The proposed till and
drain procedures are similar to those used for SERT II
(applicable document 13.8.7) and 8-cm IAPS (applicable

document 13.8.5) programs.

The drain or removal of mercury has been considered by
Hughes in two documents: (1) "Procedure for Removal of
Mercury from Thruster-Gimbal Beam Shield Unit (TGBSU)"
prepared by C.R. Dulgeroff (applicable document 13.8.8)
and (2) "Special Procedure for Removal of Mercury from
the Reservoir' (applicable document 13.8.9).

Cleaning Procedure

All of the stainless steel parts will be cleaned and
passivated per finish no. 5.4.1 of MIL STD-171A. All
parts will also be ultrasonic cleaned using freon.
(applicable document 13.8.10) The "SERT II Process Spec,
lUltrasonic Cleaning of SERT 11 Hardware' will be used
as the basis for the freon cleaning.

Physical Characteristics and Constraints

Table 13.6-1 is a list of the weights of the components

shown in the system schematics (figures. 13.3-1 and 13.3-2).
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13.7

The weight of the propellant tank will vary with the

size. The mass fraction (tank weight divided by the .
weight of the mercury capacity of the tank) was calcu- |
lated for a rnumber of difrferent tank sizes. Table 13.6-2

shows the weighi(s and corresponding mass fraction.

It is obvious from table 13.6-2 that in the larger tank
sizes, the inass fraction is close to 0.020. If the
amount of mercury required for a particular mission is

known, the weight of t! - tank can be found by interpolating
table 13.6-2.

Table 13.6-3 gives a rough physical size of the three

largest tanks shown in table 13.6-2.

R is the radius of the sphere of mercury. R' 1is the
radius of the gas volume. L 1is the length of the

straight section of the gas volume.

Referring to the dual tank system schematic of figure
13.3-1, a system weight breakdown would be as shown in
table 13.6-4 assumirg 1600 kg of mercury and eight
thrusters.

Development listory

In 1965 and 1966, a mercury propellant storage and dis-
tribution tank was designed and fabricated by the Electri-
cal Optical Systems Company, under a NASA LeRC contract.
The design consisted of a positive expulsion tank in which
an elastomeric bladder separated the liquid mercury from
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pressurant gas. Two fill and drain valves, one for the
mercury and one for the gas were also included. The

basic EOS design is shown in figure 13.5.7-%.

This design formed the basis for the SERT II flight tank
(reference 13.1.2). The SERT II system utilized two

tanks to supply mercury to each thruster, osne for the main
prooellant and one for the neutralizer cathode. This was
done to individually monitor the utilization of mercury

to the thruster and the neutralizer. Two thruster systems

were used on the SERT 11 spacecraft.

The SERT II spacecraft was launched February 3, 1970.

The pressures of the two main propellant tanks have been
monitored for the lifetime of the flight, most recently

in March of 1979. The pressure is still directly relaied
to the mercury utilization. The concept and the material
selection have proven flight worthy. The two systems with
two tanks each, have been successful for over nine years

in space.

This same concept and materials selction have been

adooted and flight qualified for the ion auxiliary pro-
pulsion system (IAPS). A photograph of the ion auxiliary
propulsion system is shown in figure 13.7-1. An auxiliary
propulsion system will be flow on the United States Air
Force STP P80-1 flight in late 198l1. The ion auxiliary
propulsion system will consist of two 8 cm thruster sys-

tems and associated diagnostics.
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13.
13,

13.

13.
13.

13.

8.2

8.3
8.4

8.5

Figure 13.7-1 shows the STP P80-1 engineering-model,
qualification system. A solenoid latching valve, pressure
transducer, and field joints have heen added to the system

and qualified for flight.

The SEP propellant storage and distribution system

(shown in fig. 13.3-1) utilizes the same flight qualified
and proven components, procedures, and materials as

for the SERT II and P80-1 programs. The only new com-
ponent is the manifold. It could be considered in che

category of tubing hardware.

The:propellant storage and distribution system is the
most flight proven svstem of all the SEP systems.

Applicable Documents Enclosed

Mercury, Standards for High-Purity - NASA SPECIFICATION
for NASA LeRC No. 101, 1965.

Edwards, R. C.; and Seeholzer, T. L.: Comet/Ion Drive
Propellant Tank Stress Analysis. Dec. 1978.

Propellant Storage and Distribution System Drawing List.
Mercury Shutoff Valves Special Test. (Hughes Aircraft
Co.; NASA Contract NAS3-21023.) June 1978.

Test Procedure, Peopellant Tankage, Valves, and Feed
Unit (PTVFU). (TP-300, Hughes Aircraft Co.
tract NAS3-21023.) Jan. 1978.

; NASA Con-
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13,

13,

13,

13.

13.

13.

8.6

8.7

8.8

8.9

8.10

Propellant Tankage, Valves, and Feed Unit - Design
Verification Program. (TR-300, Hughes Aircraft Co.,
NASA Contrac: NAS3-21023.) Aug. 1978.

Check Sheet 7 - Thruster Feed System Assembly Loading.
(SERT 1I lon Thruster System.)

Dulgeroff, C. R.: Procedure for Removal of Mercury
from Thruster-Gimbal-Beam Shield Unit (TGBSU). (NASA
Contract NAS3-21023.) March 1978,

Special Procedure for Removal of Mercury from the
Reservoir. (Hughes Aircraft Co.; NASA Contract NAS3-
21023.) March 1978,

SERT Il PROCESS SPEC, Ultrasonic Cleaning of SERT Il
Hardware. Sept. 1968.

Ground Support Equipment

A fixture for vibration testing the tank, pressure and
temperature transducers, fill valves, and solenoid
latching valve, has been designed, and is being manu-
factured. Equipment for loading and unloading the svs-

tem has been designed.
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TABLE 13,6-1

COMPONENT

FILL VALVE

PRESSURE TRANSDUCER
TEMPERATURE TRANSDUCER
SOLENOID IATCHING VALVE
FIELD JOINT

TURING W/FT. 1/8 DIaA.
W/Fr. 1/16 DIA,

MANIFOLD
TUBING "Y"

COMPONENT WEIGHTS

waigH?r
GRAMS

7.3
.3
181.

.006 #$/PP
.013 #/FD

100.

1205
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TABLE 13.6-2 Tank Weight, Mercury Weight, Mass Fraction

TANX WEIGHT MERCURY WEIGHT MASS FRACTION
Kg Kg TANK WEIGHT/MERCURY
SERT II 1.3 14.5 .089
3.7 120, 0
4.8 198, .02k3
1.9 £90, 03B
17.0 T22. 0235
18.5 800. 0231
20.7 931. 0222
22.2 1000. .0222
2.2 1250. G210
2.0 1600. .0200
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TABLE 13.6-3 Tank Size Versus Mercury Weight

R /-Rl

“ERCURY (Kg) R (IXCHES) K'( INCHES) L {INCHES)
1000 10.25 11,37 2.9
1250 11.00 12.12 3.30
1600 12,00 13.12 3.35
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TABLE 13.6-4 Dual Tank System Weight Breakdown

INTERFACE TRUSS

CQI1PONENTS WEIGHT (Kg)
Tenks (2) ' 37.
Temp, Transducer (1) .0013
Pressure Transducer (2) L1446
Fill Valves (3) .270
Solenoid latching Valve (3) .362
Manifold .1
Tubing .1

TOTAL 37.9779

BIMOD SECTIONS

Fleld Joints (27) 254
Solenoid latching Valve (8) 1.448
Tubing "Y" .050
Tubing .18

TOTAL 1.932

TUTAL SYSTEM 39.00,)
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Reservoir Pressure at 80°C, psia
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Interface Module Structure/Thermal Control

Reference Documents

Space Shuttle Program, Space Shuttle System Payload
Accommodations, Level 1I Program Definition and Require-
ments. NASA JSC 07700, Volume XIV, Revision F, June
1978, including Change No. 27, November 1978.

Functional Requirements

The primary function of the interface module is to
provide a direct locad path from the four BIMODs to

the supporting Avionics Package while maintaining simple
interfaces. 1In addition to this primary function, this
module also serves to support the two propellant tanks

and house the interface control electronics.

The structural requirements imposed on the design of
the interface module consisted of quasi-static inerrcia
loading conditions and minimw. fraquency conditions.
The quasi-static loads were taken from reference 14.1.1
and applicable documents 14.8.1 and 14.8.2, with an
appropriate factor to account for possible dynamic re-
sponse of the SEP system mounted on the IUS interface
(see Section 9.2). 1In order to minimize dynamic cou-
pling with the STS/IUS/SEP system, a minimum canti-

levered frequency of the TSS was taken as 10 Hz.

Functional Description

Mechanizal

The interface module is an aluminum space frame cype
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structure with tubular structural members (fig. 14.3.1-1).
Hard points are provided at the bottom and top of the
frame for easy attachmeat of both thc BIMODs and the
Avionics Package. Each mercury tank is supported by
eight struts which attach to the module at the top nodes.
The vertical tank loads are transferred directly from
these nodes into the Avionics Package while the in-plane
tank loads (kick loads) are carried by the top chord

members of the frame.

The BIMOD loads are transferred directly to the nodes

at the bottom chord, travel through the planar truss,
which forms the sides of the frame, and into the Avion-
ics Package. The interface control clectronics is housed
on the interior of the frame; the exact nature of their

supports will depend on its size and weight.

Thermal

As shown in figure 14.3.1-1, the interface module will
be wrapped in MLI blankets. This MLI provides a thermal
enclosure for the interface module equipment. The heat
generated by the interface module electronics will be
used to maintain the interface module components within
their allowable temperature ranges. Since the ion drive
controller dissipates 6 watts almost continually, a pas-
sive radiator (5.0 cm by 7.6 cm) with an emittance of
0.9 will be provided to reject the excess heat and main-

tain its temperature within the specified limits.
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The MLI blanket on top of the interface module consists
of the same materials as discussed in Section 9.3.2.

In order to provide meteoroid and cometary d*t pariicle
protection, as well as preventing solar flux from im-
pinging on the interior of the interface megule, the

MLI placed around the interface module will consist of
the same materials as discussed in table 9.3.2-1 of

Section 9.3.2

Interface Definition

Mechanical

The interface module interfaces with the Avionics Pack-
age and the BIMODs. The interfaces were purposely kept
simple so that assembly and disassembly could be achieved
with minimum effort. The top chord of the interface
module contains 10 hard points (pads) which can be at-
tached to the Avionics Package. The bottom chord has
provisions for each BIMOD at four places. The outside
envelope of the module forms a rectangular parallele-
piped whose dimensions are approximatelv 0.7%5 m high

by 2.6 m long by 0.96 m deep.

Thermal

The MLI blankets wrapped around the PPUs provide the
thermal interface between the BIMOD thrust systems and
the interface module and thermally isolate them from

each other. Similarly, the MLI blanket across the top
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of the interface module structure provices the thermal
interface between the interface module and the Avionics

Module and thermally isclates them from each other.

The MLI blanket around the space ecxposed surfaces pro-

vides the thermal interface between the interface

module and t'ie space environment.

Performance Description

To date no interface module hardware has been constructed.
Therefore, there has been no hardware performance to de-
scribe. BIMOD structures are attached to the interface

module. Section 9.5 is a performance description of the

BIMOD structure.

Physical Characteristics and Constraints

The physical size of the interface module is approximately
0.75 m high by 2.6 m lorg by 0.96 m deep. A complete

description of the envelope and protruding parts is TBD.
The overall mass of the interface module is TBD.

The interface module shall be designed to withstand the

functional requirements outlined in Section 14.2.

Development History

The development history of the interface module has con-
sisted primarily of configuraction studies as outlined
in Section 10.7. To date no hardware has been constructed.

The actual fabrication and assembly of this module is
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considered straightforward and no problems are en-

visioned.

Applicable Documents Enclosed

Trubert, M.; Bamford, R.: Limit Loads for Preliminary
Design of the Galileo S/C and its Components. JPL

Interoffice Memorandum, March 1978.

IUS/Spacecraft ICD Parametric Interface Requirements
STS/Twin Stage l1US-NASA Generic, Boeing Company JTCS-A-
8.225, July 1978.

Ground Support Equipment

Handling fixtures will be required. The exact nature
of these fixtures is TBD. Vibration fixtures will also
be necessary for vibration testing at both the compon-
ent level (i.e., interface module with tanks and elec-

tronics) and rhe stage level (TSS).
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